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ABSTRACT
The airway wall remodels extensively in asthma, with a thickening of all wall components. It is
generally believed that this remodeling is in response to the chronic inflammation present even in
mild asthma. However, remodeling also occurs in tissues that experience alterations in their
mechanical stress environment. This thesis explored the hypothesis that airway epithelial cells
respond to elevated compressive stresses that occur during asthmatic smooth muscle constriction
by signaling for tissue remodeling.
When the smooth muscle surrounding the pulmonary airways constricts, the airways are
observed to buckle with multiple folds. Computational modeling of the inner airway wall
revealed that wall remodeling, particularly thickening of the collagen layer located beneath the
epithelium, strongly affected the buckling process by modifying the number of folds and the
resistance to collapse (Hrousis, 1998). In this thesis, the computational model of Hrousis was
modified to include a structure representing the epithelial cell layer. Representative normal and
asthmatic airway models were selected to explore how remodeling and the epithelial layer
affected the mechanics of airway constriction. The models were also used to estimate the
magnitude of compressive stresses within the folds of a highly constricted airway.
An in vitro model was developed to study the effects of compressive stresses on airway epithelial
cells. Cultures of rat tracheal epithelial cells were subjected to static transmembrane pressure,
and changes in gene expression and protein production in response to the stress were examined.
The products of the genes selected for study are known to stimulate collagen production and
proliferation of fibroblasts, and therefore could contribute to the thickening of the subepithelial
collagen layer in asthma. Early growth response-1 (Egr-1), endothelin-1, and transforming
growth factor-1 mRNAs were differentially upregulated by transmembrane pressure in a
magnitude- and time-dependent manner. Elevated levels of Egr-1 protein were also detected.
The response to compressive stress in these experiments was rapid and very pronounced;
therefore, these results suggest that the compressive stresses on the epithelium during smooth
muscle constriction in asthma may induce wall remodeling and fibrosis. Finally, experiments
were performed to elucidate the transduction mechanism of transmembrane pressure.
Thesis Supervisor: Roger D. Kamm
Title: Professor of Mechanical Engineering
3

Acknowledgments
I would like to thank the people at MIT who made my 5 1/2 years there a truly enjoyable
experience. The first groups to thank are those who funded my research: the Whitaker
Foundation, the NIH, and the Freeman Foundation.
I could not have asked for a better adviser, Prof. Roger Kamm. I am grateful for the
opportunity to work with him and for his guidance throughout my graduate education. I
am certain I will miss his excellent management style once I enter the "real world".
Thanks also go to my supervisors at Brigham and Women's hospital, Dr. Jeff Drazen and
Dr. Rich Lee. Without them I would not have learned the skills required or had the
facilities available to do the work in this thesis.
I thank Prof. Forbes Dewey and Prof. Doug Lauffenburger, along with Dr. Drazen and
Dr. Lee, for serving on my thesis committee. Their suggestions were extremely helpful
in completing this work.
I would like to thank Prof. Scott Randell and Prof. Ray Pickles at the University of North
Carolina for training me in the cell culture procedure and for sharing their knowledge and
advice.
An important factor in my decision to attend MIT was the excellent people I met in the
Fluid Mechanics Laboratory. I am grateful to the alumni of the lab, particularly James
Shin, Naomi Chesler, Frank Espinosa, Edwin Ozawa, Jim McGrath, Gregg Duthaler, and
Constantine Hrousis for their support and friendship throughout the years. Many thanks
also go to the current members of the lab, particularly Hugo Ayala, Darryl Overby, Jeff
Ruberti, Davide Marini, Karen Bottom, Jeremy Teichman, and Edgar Denny for their
advice and friendship.
I also enjoyed working with the people at the hospital laboratories. Thanks go to Melody
Swartz and Dan Tschumperlin for their invaluable assistance with this research project. I
also thank Dr. Kathy Haley for her assistance with my research, and Dr. Sanjay Mehta for
his help in keeping the rats' teeth away from my hand. Finally, I am very grateful to the
head technicians, Tony Pillari and Bill Briggs, for keeping the labs running smoothly.
Thanks go to Claire Sasahara and Leslie Regan for their administrative assistance. I am
grateful to Dick Fenner for his advice, help in the machine shop, and for throwing great
ME parties.
I made several good friends during my time at MIT and I do not have space to mention
them all. I am glad I got to know the folks in the CPRL, particularly John Santini, Lynne
Svedberg, Bill Rowe, and Jason and Amber Grau. I am especially thankful for the
friendships of Andrea Saylor and Sara Wilson. Best wishes to all of you in your careers.
Any efforts to thank my parents will be woefully inadequate. To Walter and Karen
Hamer, thank you for your love, advice, support, and listening ears over the years. Thank
5
you for teaching me to work hard, respect others, and love God. May I always continue
to make you proud.
Finally, I would like to thank my husband, Kevin, for making my years at MIT the best
years of my life thus far. The future always looks brightest when you know you will face
it together.
6
Table of Contents
Abstract 3
Acknowledgments 5
Table of Contents 7
List of Figures 11
List of Tables 13
1. Introduction 15
1.1 Asthma: General Characteristics 15
1.2 Airway Structure 16
1.3 Asthma: A Disease Remodeling the Airways 17
1.3.1 Thickening of the airway wall 17
1.3.2 Other structural changes in asthma 18
1.4 Hyperresponsiveness 18
1.4.1 Inflammation 19
1.4.2 Inner wall thickness: simple geometrical occlusion 19
1.4.3 Adventitial thickening: uncoupling airway from parenchyma 22
1.4.4 Smooth muscle 22
1.4.5 Inner wall thickness: altered airway mechanics 25
1.5 Causes of Remodeling 28
1.5.1 Fibroblasts: source of the thickened SCL 31
1.5.2 Production of extracellular matrix by fibroblasts 31
1.5.3 Alternative hypothesis for airway remodeling 32
1.6 Goals of Thesis 33
1.7 Thesis Organization 34
2. Development of Finite Element Model 35
2.1 Two-Layer Model Components 35
2.2 Mechanical Modeling Assumptions 37
2.2.1 Two-dimensional plane strain 37
2.2.2 Homogeneous isotropic layers 38
2.2.3 Incompressible Hookean and neohookean materials 39
2.2.4 Smooth muscle shortening boundary conditions 42
2.2.5 Initial stress state 43
2.3 Two-Layer Model Parameters 43
2.4 Finite Element Modeling Procedure 44
2.4.1 Nonlinear static analysis on perfect two-layer structure 45
2.4.2 Linearized buckling analysis 45
2.4.3 Two-layer wedge model 46
2.4.4 Model of epithelial layer 47
3. Results and Discussion of Finite Element Analysis 53
I. Results 53
3.1 Model Dimensions 53
3.1.1 Thickness of subepithelial collagen layer 54
3.1.2 Thickness of epithelial layer 55
3.1.3 Thickness of lamina propria 55
3.1.4 Stiffness ratio 58
7
3.1.5 Summary of model parameters 59
3.2 Linearized Buckling Results for Two-Layer Model 59
3.3 Results for Three-Layer Wedge Model 61
3.3.1 Tube law 61
3.3.2 Effect of epithelial barrier 63
3.3.3 Airway resistance 67
3.3.4 Stresses in airway wall 68
II. Discussion 74
3.4 Wall Resistance to Constriction 74
3.5 Realistic Smooth Muscle Parameters 76
3.5.1 Smooth muscle shortening 77
3.5.2 Smooth muscle stress 77
3.6 Stresses in Airway Wall 79
4. Cellular Responses to Mechanical Stress 85
4.1 Mechanotransduction Review 85
4.1.1 Stretch 85
4.1.2 Shear stress 86
4.1.3 Osmotic stress 86
4.1.4 Hydrostatic pressure 88
4.2 Lung Cell Responses to Mechanical Stress 89
4.3 Candidate Genes 91
4.3.1 Early growth response-I (Egr-1) 91
4.3.2 Endothelin-1 (ET-1) 92
4.3.3 Transforming growth factor-pi (TGF-B1 ) 93
4.4 Epithelial Cell Experiments 94
5. Experimental Protocols 97
5.1 Motivation 97
5.2 Culture of Rat Tracheal Epithelial (RTE) Cells 98
5.2.1 Materials 98
5.2.2 Cell culture procedure 98
5.3 Transmembrane Pressure Experiments 100
5.4 Mechanism Experiments 102
5.4.1 Hydrostatic pressure 102
5.4.2 Culture membrane strain 102
5.4.3 Cell volume change 103
5.4.4 Membrane structure 103
5.5 Analysis Methods 103
5.5.1 Determination of cell viability 103
5.5.2 RNA isolation and Northern hybridization 104
5.5.3 Immunohistochemistry 105
5.5.4 Histology 105
5.5.5 Statistics 106
6., Results and Discussion of Transmembrane Pressure Experiments 107
6.1 Results 107
6.1.1 Cell morphology 107
6.1.2 LDH assay 112
8
6.1.3 Northern hybridization 112
6.1.4 Immunohistochemistry 116
6.2 Discussion 116
6.2.1 Comparison with pulmonary physiology 119
6.2.2 Candidate genes and tissue remodeling 120
6.2.3 Airway inflammation and tissue remodeling 124
6.2.4 Comparison of in vitro and in vivo stress states 126
6.3 Summary 126
7. Transduction Mechanism of Transmembrane Pressure 129
7.1 Hydrostatic Pressure 129
7.2 Culture Membrane Strain 131
7.3 Change in Cell Volume 135
7.4 Deformation Into Membrane Pores 140
7.5 Fluid Shear Stress 146
7.6 Conclusions 147
8. Summary and Future Directions 149
8.1 Summary 149
8.2 Future Directions 153
A. Appendices 155
A. 1 Comparison with Hrousis 155
A. 1.1 Two-Layer Model Dimensions 155
A.1.2 Linearized Buckling Results and Tube Laws 155
A.2 Thick-Walled Cylinder Model 159
Bibliography 161
9

List of Figures
1.1 Sketch depicting key structures of a membranous bronchiole. 17
1.2 Hypotheses explaining airway hyperresponsiveness 20
1.3 Histological cross-sections of a constricted normal (A) and asthmatic 24
(B) airway. Courtesy of University of British Columbia Pulmonary
Research Laboratory.
1.4 Diagram outlining the inflammatory network in the airway wall. 29
Responses of the various cell types to inflammatory mediators and their
contribution to hyperresponsiveness are also shown.
2.1 Schematic of two-layer airway model. 36
2.2 Schematic of epithelial barrier model. 48
2.3 Comparison of a single fold in a constricted airway and the finite 50
element model.
2.4 Tracings of a snap-frozen highly constricted guinea pig airway. 51
3.1 Finite element mesh of the two-layer normal airway model. 60
3.2 Finite element mesh of the two-layer asthmatic airway model. 60
3.3 Tube laws for normal and asthmatic airways. 62
3.4 Tube law for asthmatic airway with intact epithelium and with denuded 65
epithelium.
3.5 Pressure-Area relationships for Generation 15 Airways calculated in 66
Hrousis.
3.6 Plot of normalized airway resistance (R*) vs. normalized smooth muscle 66
pressure (P*) for the representative normal airway, asthmatic airway,
and asthmatic airway denuded of epithelium.
3.7 Color band plots of normalized circumferential stress in a highly 69
constricted normal and asthmatic airway.
3.8 Color band plots of normalized radial stress in a highly constricted 71
normal and asthmatic airway.
3.9 Average normalized circumferential stress on epithelium within the fold 73
vs. normalized smooth muscle stress.
3.10 Ratio of compressive stress on epithelium to smooth muscle stress as a 73
function of normalized smooth muscle stress.
3.11 Band plots of pressure within the normal (A) and asthmatic (B) airways 83
at maximum constriction.
4.1 Hypothesis that mechanical stresses placed on airway epithelial cells 95
during smooth muscle constriction cause the epithelium to signal for
airway wall remodeling.
5.1 Schematic of air-liquid interface culture of rat tracheal epithelial cells on 99
Transwell-COLs.
5.2 Schematic of pressure apparatus and schematic of one Transwell with 101
transmembrane pressure application.
11
6.1 Hematoxylin-periodic acid Schiff's stained tissue cross section of rat 109
tracheal epithelial cells.
6.2 Transmission electron micrograph of RTE cells. 111
6.3 Representative Northern autoradiographs of our three candidate genes. 113
6.4 Expression of Egr-1 mRNA after 1 hour of 0, 2, 5, 10, or 20 cmH20 114
transmembrane pressure.
6.5 Transmembrane pressure magnitude response of candidate genes. 115
6.6 Fluorescent immunohistochemistry for Egr-1 protein. 117
7.1 Comparison of Egr-1 mRNA expression in cells exposed to 10 cmH2 O 130
transmembrane or hydrostatic pressure.
7.2 Schematic of strained culture well under transmembrane pressure. 132
7.3 Comparison of Egr-1 mRNA expression in cells exposed to 10 cmH2O 134
transmembrane pressure with or without strain of the culture membrane.
7.4 Morphology of cell layers exposed to 10 cmH 20 pressure and control. 137
7.5 Transmission electron micrograph of RTE cells subjected to 10 cmH20 141
transmembrane pressure for 6 hours.
7.6 Scanning electron micrograph of Transwell-COL membrane with 143
0.4 gm diameter pore size. Schematic of nucleopore membrane.
7.7 Culture substrate effects on Egr-1 mRNA expression. 145
A. 1.1 Comparison of Hookean and neohookean formulations in ADINA 157
A. 1.2 Pressure-Area relationships for Generation 15 Airways calculated in 158
Hrousis.
A.2.1 Schematic of thick-walled cylinder 159
12
List of Tables
1.1 Changes in airway wall area of asthmatic airways (average percent 18
change from control cases). Adapted from ref. 54.
3.1 Subepithelial collagen layer thicknesses from various morphometric 54
studies.
3.2 Airway wall layer dimensions calculated from James et al. (53). 56
3.3 Outer layer thickness ratios calculated from Wiggs models. 57
3.4 Summary of model dimensions used. 59
7.1 Average membrane strains due to transmembrane pressure calculated 132
from maximum membrane deflection.
7.2 Average cell layer thicknesses of cultures exposed to 0, 10, or 20 cmH 20 139
for 1 or 6 hours.
A.l.1 Model dimensions of Generation 15 airways in Hrousis model 155
calculations.
A. 1.2 Results of linearized buckling analyses of ABAQUS and ADINA 156
calculations.
13

Chapter 1
Introduction
1.1 Asthma: General Characteristics
Asthma affects 3-5% of the population, making it the most common respiratory disease
(124). Currently, 15 million Americans suffer from asthma, twice as many as 15 years
ago. Symptoms usually appear in early childhood and may persist over many years with
varying severity. About 5000 Americans die each year from acute asthma attacks (29).
The major symptoms of asthma are cough, shortness of breath, wheezing and chest
tightness. Asthma attacks occur spontaneously or are induced by a trigger stimulus such
as inhaled allergen, inhaled irritants such as smoke and cold air, respiratory tract
infection, and exercise (124). Symptoms are relieved by inhaled bronchodilators, which
relax the constricting smooth muscle surrounding the airway, and by corticosteroids,
which reduce the frequency and severity of symptoms (54).
Symptoms of asthma are preceded by a reduction in size of the airway lumen due to
constriction of the surrounding smooth muscle. Characterization of airway caliber is
determined by physiological measurements such as the forced expired volume in 1 s
(FEV1 ), peak expiratory flow (PEF), and airway resistance (Raw) (54). During an asthma
attack, the reduction in ability to breathe is most acutely felt during exhalation and FEV1
and PEF both decrease due to increased Raw. Because asthmatics have a much greater
propensity for increased airways resistance and smooth muscle activation, the airways are
deemed hyperresponsive. Hyperresponsiveness includes both increased sensitivity of the
airways (e.g., same response at a lower dose of agonist) and increased reactivity of the
airways (e.g., greater response at the same dose of agonist). It is unclear what causes
asthmatics to be hyperresponsive, but it is believed to be either biochemically mediated
via increased sensitivity to an agonist, or bioniechanically mediated via changes in the
structure of the airway wall. It is the biomechanically induced changes that are explored
in this thesis.
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1.2 Airway Structure
The airways of the lung form a branching structure, beginning with the trachea
(generation 0) and dividing into (usually) two smaller daughter branches at each
bifurcation. Generations 0 - 15 are called the conducting airways, and generations 16-23
are termed the acinar airways. It is in the acinar airways where alveoli are present and
gas is exchanged with the circulation (125). The basic structure of the tissue in the
conducting airways is the same in all the generations, except that the larger airways
(generations 0-6) contain cartilage in the wall. The other airways do not have cartilage
and are termed "membranous" airways. In this thesis, only membranous airways will be
considered and the term "airway" will refer to a "membranous airway".
A cross section of a membranous bronchiole is depicted in Fig. 1.1. The nomenclature
used has been previously described (6) but is reiterated here for clarity. Surrounding the
open space of the airway lumen is the epithelium. The epithelium rests on a thin
basement membrane, which consists primarily of type IV collagen and laminin and is
maintained by the epithelial cells themselves. Beneath the basement membrane there
exists another fibrous layer consisting of collagens III and V, and fibronectin (98). This
fibrous layer is maintained by fibroblast cells located within the airway wall (16). In this
thesis, this layer is termed the subepithelial collagen layer (SCL), but in other studies it is
also called (erroneously) the basement membrane, or the reticular lamina. Between the
basement membrane and the smooth muscle is the lamina propria, which consists of the
SCL and loose connective tissue (mostly proteoglycans), blood vessels, and connective
tissue cells. In this thesis, the SCL will be considered separately from the lamina propria,
and the term lamina propria will refer only to the layer of loose connective tissue external
to the SCL. External to the smooth muscle is the adventia, which is connected by sparse
parenchymal attachments to the surrounding alveoli.
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alveoli
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Figure 1.1: Sketch depicting key structures of a membranous bronchiole. Not to scale.
1.3 Asthma: A Disease Remodeling the Airways
1.3.1 Thickening of the airway wall
Several investigators have measured changes in the dimensions of asthmatic airways vs.
normals, and the resounding conclusion is that all regions of the airway wall thicken in
asthma (20, 21, 49, 53, 54, 63, 126). A summary of these and other studies is given in
ref. 54 and is presented here in Table 1.1. Table 1.1 contains data for regions of the
airway wall internal to and including the smooth muscle layer. Airways were separated
into size groups based on internal perimeter: <2 mm-small membranous bronchioles, 2
- 4 mm-large membranous bronchioles. The median values of the internal perimeters
for these size groups (1.5 mm and 2.8 mm for small and large membranous bronchioles,
respectively) were used to derive average values for airway dimensions. (54). Small
membranous bronchioles are located approximately in generations 14 - 16 (terminal and
transitional bronchioles), and large membranous bronchioles are in generations 10 - 14.
(126, 128).
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Cross-Sectional Area Changes in Cases of Asthma for Small and Large Membranous
Bronchioles (Average Percent Increase from Control Cases)
Wall Compartment Asthma Cases Small Large
Smooth muscle Fatal 48% 152%
Nonfatal 25% 162%
Total inner wall Fatal 64% 146%
(submucosa, SCL, epithelium) Nonfatal 48% 38%
Subepithelial collagen layer same for fatal and 60 - 90% 60- 90%
nonfatal
Epithelium no distinction 67% 126%
Table 1.1: Changes in airway wall area of asthmatic airways (average percent increase
from control cases). Adapted from ref. 54.
1.3.2 Other structural changes in asthma
Microscopic examination of asthmatic airways reveals other aspects of airway
remodeling. The epithelial cell layer appears "fragile" and may be denuded from the
surface. Mucous glands are hypertrophied and there is an increased number of goblet
cells. This enlargement of the mucus-secreting apparatus tends to occlude asthmatic
airways with thick mucus plugs (124). Vascularity of the wall increases (72). Finally,
the wall is infiltrated by various inflammatory cells such as eosinophils, lymphocytes,
macrophages and mast cells. These cells release various growth factors, cytokines, and
cytotoxic proteins that are known to induce cell damage and fibrosis (15). These
structural changes, plus the overall increase in airway wall thickness, are all believed to
contribute to airway hyperresponsiveness in asthma.
1.4 Hyperresponsiveness
It is not understood why asthmatics display hyperresponsiveness and normals do not.
Airway responsiveness if measured by having the test subject inhale a prescribed dose of
a constrictor agonist such as methacholine (MCh); following this inhalation, airway
resistance (or FEV1) is measured. Asthmatics have steep dose-response curves that are
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shifted to the left of normals (increased sensitivity) (55). It is generally accepted that
normal healthy subjects eventually reach a plateau in their dose response curve, (i.e., a
maximal response is reached and resistance does not increase with an increase in agonist
dose). Asthmatic subjects, however, do not reach this plateau, and their airway resistance
continues to increase sharply with increasing dose of MCh (132). There are several
hypotheses explaining hyperresponsiveness, five of which are examined in the next
sections.
1.4.1 Inflammation
Acute exposure to allergen causes an influx of inflammatory cells into the airway and
release of the cells' mediators may lead to hyperresponsiveness. Mast cells may directly
cause smooth muscle constriction by the release of histamine and synthesis of
leukotrienes upon activation (19). Eosinophils release proteins that are toxic to epithelial
cells and that breakdown the extracellular matrix. Breakdown of the protective epithelial
cell barrier may cause hyperresponsiveness by directly exposing the smooth muscle to
agonist (110). Despite the fact that inflammation tends to accompany asthma, the
correlation between hyperresponsiveness and inflammation is not clear. While several
groups have found that the presence of eosinophils, mast cells or activated T-cells have
an inverse relationship with an asthmatic's FEV, several other groups have found no
such relationship (43). These data demonstrate that hyperresponsiveness is not simply an
inflammatory response, and that the mechanics of hyperresponsiveness must be
considered.
1.4.2 Inner wall thickness: simple geometrical occlusion
Like most biological materials, the tissue of the airway wall has been shown to be
relatively incompressible, at least during short periods of constriction, and the airway
internal perimeter and wall area are relatively unchanged with different degrees of
smooth muscle constriction (52). Thus, thickened asthmatic airways experience a greater
degree of luminal obstruction with even normal amounts of smooth
19
normal (A)
(thin inner region)
asthma (B)
(thick inner region) 0
Figure 1.2a: Hyperresponsiveness due to thickened inner region of an asthmatic airway.
With the same degree of smooth muscle shortening, the airway resistance is much greater
in asthma (Wiggs, James).
normal (A)
asthma (B)
Figure 1.2b: Hyperresponsiveness due to increased adventital thickness. Thicker adventitia
reduces load on smooth muscle by the parenchyma, (depicted as unloaded springs in B),
resulting in greater smooth muscle constriction upon activation.
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normal (A)
smooth muscle
asthma (B)
smooth muscle
activation
'II
Figure 1.2c: Hyperresponsiveness due to increased smooth muscle mass. Thickened
smooth muscle is able to generate more force, and cause greater airway obstruction (B)
(67)
normal
(A)
asthma
(B)
Figure 1.2d: Hyperresponsiveness due to increased subepithelial collagen layer thickness.
A thickened SCL results in fewer folds upon buckling, creating a more compliant airway
after buckling and more luminal obstruction (B). (Adapted from ref. 48).
21
muscle constriction (see Fig. 1.2a). Using morphometric measurements of normal and
asthmatic airways, James et al. (53) determined that 55 - 62% muscle shortening is
required to cause complete closure of normal membranous airways, but only 45 - 50%
muscle shortening is required to close asthmatic airways.
A geometrical model of the airway tree of both normal and asthmatic cases generated
from morphometric data was used to generate theoretical dose-response curves (126).
Using values of smooth muscle shortening of 20 - 40%, (which is the range observed
during in vivo and in situ shortening), the normal airway model displayed the
characteristic "plateau" in resistance with increasing "dose" of smooth muscle agonist.
The asthmatic model, however, did not display a plateau in resistance within a
physiologically reasonable range. The authors concluded that it is the thickening of the
peripheral airways that has the most important effect on the relationship between smooth
muscle shortening and airway narrowing. Indeed, asthmatic airways in generations 16
and distal experienced complete closure at smooth muscle shortening of 39% in the
model, resulting in infinite resistance.
1.4.3 Adventitial thickening: uncoupling airway from parenchyma
A bronchiole is tethered to the lung parenchyma and is held open by lung recoil forces.
Between these tethers and the smooth muscle of the airway lies the adventitia, the
thickness of which is increased in asthma (63). This thickening can contribute to
hyperresponsiveness by reducing the load on the smooth muscle, allowing it to shorten
more easily in asthma. Thus, with smooth muscle shortening, the retarding force of the
lung parenchyma on airway smooth muscle is "uncoupled" from the airway wall, and the
smooth muscle is allowed to shorten further in asthma (Fig. 1.2b) (88, 63).
1.4.4 Smooth muscle
It has been observed that there is an increased amount of smooth muscle in the walls of
asthmatic airways (20). Lambert and colleagues (67) developed a computational model
of normal and asthmatic airways to determine the functional significance of increased
smooth muscle mass. They incorporated several features in their model, including the
geometrical model of Wiggs et al. (126), adventitial thickening (63), parenchymal
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interdependence, and increased smooth muscle mass. They concluded that the increase in
smooth muscle mass was the most important feature in airway remodeling. For a given
maximal muscle stress, greater muscle thickness would allow for greater tension
development, and thus more constriction of the lumen. (See Fig. 1.2c).
What all of the above models lack is the effect of tissue mechanics on smooth muscle
shortening. There appears to be a maximum amount of force that smooth muscle can
generate, and the stiffness of the airway wall and the recoil forces of the lung parenchyma
resist the smooth muscle constriction. A constricted airway buckles into a many-lobed
rosette pattern, not axisymmetrically as modeled in the simple geometrical models (see
Fig. 1.3). Ignoring buckling in the geometrical models would grossly overestimate the
stiffness of the airway to occlusion. Thus, the most realistic models of airway
constriction include both the correct geometrical parameters and the mechanical behavior
(i.e., buckling) of lung tissue. Much of previous work concerns the effects of inner wall
mechanics on airway constriction, and so the effects of lung parenchyma are not
considered in this thesis.
While current models claim to incorporate airway wall mechanics, none of them
realistically do so. In the model of airway constriction developed by Gunst and Stropp
(41), the stiffness of the lung parenchyma surrounding the airway was included in the
mechanics of constriction, but the inner airway wall was not modeled. In the more
complete model of Lambert et al. (67) the inner airway mechanics were included along
with models for smooth muscle force generation, lung recoil, and parenchymal
interdependence. The inner airway was modeled, however, as a simple parallel elastic
element whose stiffness was determined by Laplace's Law for a tube. Later, Lambert
and others (68) developed a more realistic model of the inner airway by including wall
buckling, but this model was also incomplete as it did not include the epithelium in the
post-bucking behavior, and the lamina propria was modeled as a liquid. There is clearly
a need for a more realistic model of inner airway wall mechanics in order to understand
the physiology of asthmatic airway hyperresponsiveness.
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Figure 1.3: Histological cross sections of a normal (A) and asthmatic (B) airway.
Courtesy of University of British Columbia Pulmonary Research Laboratory.
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1.4.5 Inner wall thickness: altered airway wall mechanics
It seems apparent from simple mechanics that a thickened inner airway wall would resist
smooth muscle constriction more readily than a thinner wall. The airway does not
constrict axisymmetrically, however, but at a certain pressure it buckles into a many-
lobed shape, as shown in Fig. 1.3 (49, 65, 68, 127). After the airway buckles the muscle
can constrict the airway much more easily, but the pattern of buckling greatly determines
the ease of constriction. An airway with few folds buckles at a lower level of external
force than an airway with many folds (65, 127). In Fig. 1.3a, the normal airway is
buckled into a many-lobed pattern, which resists smooth muscle constriction and
maintains luminal patency. The asthmatic airway in Fig. 1.3b has fewer folds which
extend further into the lumen; these folds and the mucous plug have completely occluded
this particular airway. There has been no systematic study to determine if asthmatic
airways have fewer folds than normals, but it has been observed that the folds are deeper
in an asthmatic (49).
There is debate over what determines the number of folds into which the airway wall will
buckle. Macklem (73) has proposed that the parenchymal attachments surrounding the
airway determine the buckling pattern, while Wagner and Mitzner (121) believe that the
location of the blood vessels determines this pattern, as the vessels are arranged in a
similar pattern as that of the folds. Two mechanical models of the airway wall, however,
have determined that it is primarily the subepithelial collagen layer that determines the
pattern of buckling (48, 68, 127). According to the model of Wiggs et al. (127), the
structure and mechanical properties of all the wall components, particularly the elastic
moduli of the various layers and their thicknesses, determine the number of folds into
which the airway will buckle.
A schematic of a two-layer model of the airway wall is depicted in Fig. 1.2d, with a thin,
stiff inner layer representing the SCL, and a thick, more compliant outer layer
representing the submucosa. The airway with a thicker subepithelial collagen layer
(model B) buckled with fewer folds than the airway with the thin SCL (model A). It is
uncertain if the thicker subepithelial collagen layer makes the airway intrinsically stiffer
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or less stiff, however. There are two models of the inner airway that attempt to resolve
this question developed by Lambert et al. (68) and Hrousis (48).
In the two-layer model of Lambert et al. (65, 68), the thick outer layer representing the
lamina propria (or submucosa) was modeled as being incapable of sustaining significant
shear stress and so was modeled as a liquid. The basement membrane was modeled as a
membrane that folded during constriction. They did not include the epithelial cell layer
in the model. The membrane was constrained by muscle wall bounding (i.e., the
membrane could not "poke" through the outer radius) and by a constant submucosal area
during constriction. Smooth muscle constriction was modeled by placing a pressure on
the outer radius. As the airway in the model narrowed, the membrane first buckled into
two folds (n = 2, like a peanut shape), but quickly encountered the outer wall and was
forced to develop more folds. This process continued until the appropriate value of n was
determined by energy minimization. They compared their data with measurements of n,
lumen area, and percent muscle shortening from sheep airways of varying wall
dimensions.
The morphometric data of Lambert and colleagues (68) showed that the normalized
lumen area decreased with the normalized submucosal area (i.e., a thinner airway was
less occluded) and that the lumen area decreased with the number of folds (i.e., more
folds were present in the more occluded airways.) This paradoxical behavior was
explained using their two-layer model. Model airways with a thicker submucosa buckled
with fewer folds, due to the more removed constraint of the outer wall of smooth muscle.
The thickness to radius ratio of the membrane in the model was correlated with the
submucosal thickness, which resulted in a thicker membrane (i.e., thicker basement
membrane) employed in the model. While the thicker membrane buckled with fewer
folds than a normal membrane, the increased stiffness of the folding membrane due to its
increased thickness outweighed the reduction in stiffness caused by the decrease in n.
Therefore, Lambert and colleagues concluded from their model that wall remodeling,
particularly the increased thickness of the SCL, served to resist bronchoconstriction and
reduce hyperresponsiveness.
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There were several shortcomings in the analyses of Lambert et al. (68). First of all, the
morphometric data that they obtained were from unremodeled, unactivated sheep
airways. Any differences in dimensions or folding patterns among airways were simply
due to random distribution present within the lung, and were not due to any remodeling
or direct activation of smooth muscle. Human airways, on the other hand, are clearly
remodeled in asthma, and differences in folding or dimensions among normal and
asthmatic airways might not be due to random distribution but instead may be directly
linked to the remodeling process. In the model of Lambert et al., the submucosa was
modeled as a liquid unable to sustain shear stress, which was an obvious simplification
that would likely affect the folding pattern and the ease of airway collapse. Also, the
model airways initially collapsed in a peanut shape and the folds gradually increased in
number. In vivo, however, the two-lobed collapse was not observed in airways with
smooth muscle constriction, and the number of folds did not change significantly with
degree of smooth muscle activation (48). Because of these discrepancies, a more realistic
model of the airway wall is necessary.
The model developed by Hrousis (48) is believed to be more realistic and better captures
the wall buckling behavior. We describe this model in more detail in the next chapter,
but we present it briefly here for comparison with the model of Lambert (68). The
airway model of Hrousis consisted of two layers of different dimensions and material
properties that represented the internal submucosa and the subepithelial collagen layer.
There were no geometrical constraints, and the number of folds was determined by
linearized buckling analysis. Using this model, Hrousis concluded that the thickening of
the subepithelial collagen layer was primarily responsible for the alteration in buckling
pattern, and that the folding pattern was more important in determining luminal
occlusion. Because the subepithelial collagen layer is thicker in asthmatic airways, it
would be expected that these airways would have fewer folds and greater occlusion
according to the model of Hrousis. This conclusion was supported by the study of Boulet
et al. (14), where they found that airway hyperresponsiveness was correlated with the
degree of subepithelial fibrosis in asthmatics.
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1.5 Causes of Remodeling
The previous section examined the consequences of airway remodeling. Increased
amounts of adventitial tissue, smooth muscle, and inner wall tissue are believed to lead to
hyperresponsiveness. It is unknown what causes remodeling in the first place, but the
general assumption is that airway inflammation is responsible. In allergic asthma, it is
believed that the release of mediators after allergen binding to IgE-coated mast cells
results in the influx of inflammatory cells into the airway wall (124). The network of
cytokines and growth factors in the inflamed airway is extremely complicated. A brief
sketch of this network and how it may lead to wall remodeling and hyperresponsiveness
is presented in Fig. 1.4. The cellular responses to inflammatory mediators are numerous,
but they generally tend to create hyperresponsiveness. The inflammatory cells maintain
the inflammation, and the act of infiltrating the epithelial cell layer is thought to damage
the integrity of the layer (12). Loss of the epithelial layer may expose the smooth muscle
to agonist, leading to abnormal constriction, and may reduce the presence of the epithelial
cell relaxing factors that reduce smooth muscle activation (124). The epithelial cells may
respond directly to the inflammation by proliferation of the mucus-secreting apparatus,
and by directing tissue remodeling and fibrosis (12). Smooth muscle cells might
proliferate and undergo hypertrophy in response to inflammation, which may increase the
amount the muscle band is able to shorten and the force it can generate (67). Finally, the
fibroblasts may respond to inflammation by proliferation and increased production of
extracellular matrix, which would lead to thickening of the airway wall (71). For a more
complete description of wall remodeling, the reader is referred to a recent book that
reviews all aspects of asthmatic airway wall remodeling (109). This thesis ultimately will
not examine all the aspects of remodeling, but will concentrate on the thickened
subepithelial collagen layer.
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Figure 1.4: Diagram outlining the inflammatory network in the airway wall. Responses of
the various cell types to inflammatory mediators and their contribution to hyperresponsiveness
are given on the next page.
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1.5.1 Fibroblasts: source of the thickened SCL
Wall fibrosis, primarily thickening of the subepithelial collagen layer, may reduce
hyperresponsiveness by stiffening the airway wall (68), or may exacerbate airway
narrowing by reducing the number of folds (48). We chose to focus on SCL thickening
because the SCL appears largely to determine the mechanics of airway buckling, and
because the thickening of the SCL is a remodeling feature unique to asthma (21, 56).
The subepithelial collagen layer is composed primarily of types III and V collagen, unlike
the epithelial basement membrane which is composed of type IV collagen. Because of
this difference in composition, the epithelium does not directly produce the matrix
material in the SCL (98). Brewster et al. (16) found a strong correlation between the
thickness of the SCL and the numbers of myofibroblasts (fibroblasts with contractile
properties) in the tissue of asthmatic patients. They concluded that it is the
myofibroblasts that synthesize and secrete the extracellular matrix material in the SCL.
1.5.2 Production of extracellular matrix by fibroblasts
The cytokine and growth factor network in an inflamed airway is extremely complicated.
T cells, eosinophils, mast cells, and macrophages are all known to express growth factors
and cytokines that can stimulate fibroblast proliferation and collagen synthesis (Roche,
1991). Some of the more important growth factors and cytokines implicated in asthmatic
fibrosis are interleukin-1 (JL-1), platelet derived growth factor (PDGF), fibroblast growth
factor (FGF) and transforming growth factor-P (TGF-P) (7). Another potentially
important source for fibrotic agents is the epithelium. Because the fibrosis in asthma
occurs directly beneath the epithelial basement membrane, the interaction between
epithelial cells and fibroblasts has recently been considered as the most important
relationship in SCL remodeling in asthma (90). Epithelial cells produce PDGF, TGF-P,
IL-1, and endothelin-1 (ET-1) (90), which cause fibroblast proliferation and/or
extracellular matrix production. It is unknown what would cause the epithelial cells to
release these factors, but researchers have speculated that mediators from inflammatory
cells (7) are responsible.
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1.5.3 Alternative hypothesis for airway remodeling
It is now well established that mechanical forces play an important role in tissue
remodeling and cellular homeostasis. Vascular endothelial cells are very sensitive to
their mechanical environment and respond readily to changes in shear stress and wall
strain. Perturbations in their mechanical environment cause the cells to realign,
proliferate, or release fibrinolytic activators and growth factors in order to maintain tissue
homeostasis ( 28, 94). Cardiac myocytes sense mechanical stretch and convert the signal
into growth signals, which can lead to hypertrophy of the heart muscle (101). Small
mechanical strains are critical in the continuous remodeling of bone tissue, the absence of
which lead to bone deterioration and osteoporosis (138). Stretch and mechanical pressure
act on the mesangial cells of the kidney. Abnormal amounts of pressure cause mesangial
cell proliferation in vitro (60) and stretch leads to excess matrix accumulation (139, 95).
Excess matrix and mesangial cell proliferation are linked to glomerular hypertension and
renal disease.
The cells of the lung are also in a mechanically active environment, but the effects of
mechanical forces on lung tissue have not been extensively studied. Stretching of
alveolar epithelial cells resulted in Ca' mobilization and surfactant secretion (131).
Intercellular calcium signaling was also initiated by mechanical perturbation of intact
tracheal epithelium (32) and intracellular inositol 1,4,5-triphosphate (IP 3) concentrations
increased with stretch of airway epithelial cells (31). Mechanical strain inhibited wound
healing and prostanoid synthesis of airway epithelial cells in vitro (103, 104). Fluid shear
stress and stretch altered growth factor release from pleural mesothelial cells (123).
Finally, high lung inflation due to positive end expiratory pressure increased mRNA
levels of extracellular matrix components and growth factors in lung parenchyma (10).
These studies demonstrate that cells in the lung respond to mechanical forces.
It is obvious from histological cross sections that the cells in a constricted airway are
experiencing perturbations in their mechanical environment. Epithelial cells located deep
within the folds appear to be pushed up against each other, thus experiencing a
compressive normal stress. Computational models of a buckled airway show regions of
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high shear stress and shear stress gradients near the epithelium, and regions of high and
low pressure through which wall liquid could flow (127). As in other regions of the
body, the cells of the airway may respond to these mechanical forces by remodeling their
environment to accommodate these stresses. We employed computational modeling of
the airway to determine the type and magnitude of these stresses on the epithelium in a
buckled airway, then subjected airway epithelial cell cultures to these stresses and
evaluated their molecular responses.
1.6 Goals of Thesis
This thesis will continue the investigation of airway remodeling in asthma in two ways.
1. The computational model of Hrousis (48) will be developed further to include the
effects of an epithelial cell layer on wall buckling. This model will be used to
determine the stresses on the epithelial cells in a constricted, buckled airway.
2. It is well known that cells respond to mechanical forces by modifying their
environment. This thesis will explore the hypothesis that mechanical forces in a
constricted airway could stimulate the epithelial cells to release factors that would
lead to airway wall remodeling. This is viewed as a possible parallel mechanism for
airway remodeling and does not necessarily preclude effects caused by inflammation.
An in vitro model of the normal stresses produced by the smooth muscle constriction
on epithelial cells is developed herein. Molecular biology techniques are employed to
determine changes in gene expression and protein synthesis of factors known to
stimulate remodeling.
Ultimately, this work will combine computational modeling and molecular cell biology in
a unique way to further our understanding of hyperresponsiveness in asthma.
1.7 Thesis Organization
In chapter 2, we present in brief the two-layer model of the airway developed by Hrousis
(48). We develop the model further to incorporate the effects of the epithelium in the
post-buckling behavior of the airway. In chapter 3, we present the results from our model
calculations. We show that the epithelial cell layer has a very important effect in
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determining the mechanics of airway constriction. The epithelial model is also used to
calculate the stresses within a highly constricted airway; these calculations are used to
validate the magnitude of compressive stresses utilized in our in vitro epithelial cell
model.
In chapter 4, the effects of mechanical forces on various cell types and
mechanotransduction mechanisms are reviewed. The literature on the response of
pulmonary cells to mechanical stresses is reviewed in detail. We present the three
candidate genes selected for study in our experiments and review how these genes are
induced in other cell systems with mechanical stress. The genes selected to study are
known to be mechanically transduced in other cell systems, may be produced by airway
epithelium, and are believed to play a role in asthmatic airway remodeling. In chapter 5,
we outline the protocols used to culture airway epithelial cells, to apply mechanical stress
to the cells, to examine their molecular and morphometric responses, and to examine the
mechanism of mechanotransduction.
We present the results of our transmembrane pressure experiments on airway epithelial
cell cultures in chapter 6. Changes in expression of our candidate genes in response to
pressure, and the timecourse of their expression are determined. Cell viability, cell
morphology, and protein synthesis are also evaluated. We discuss the results of our
experiments in the context of airway wall remodeling, and how knowledge of the
epithelial response to mechanical forces helps complete our understanding of the
remodeling process. In chapter 7 we explore the mechanism behind
mechanotransduction of our epithelial cultures by transmembrane stress. Finally, in
chapter 8 we summarize the conclusions developed in the thesis, and present suggestions
for future work.
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Chapter 2
Development of Finite Element Model
Much of the work in developing a finite element model of the inner airway wall was done
by my predecessor, Constantine Hrousis (48). Thus, details of model development and
finite element theory will not be fully described in this thesis, and the reader is directed to
ref 48 for this information. Briefly, Hrousis constructed a two-layer model of the airway
wall; the lamina propria was modeled as a thick, compliant outer layer, and the
subepithelial collagen layer was modeled as a thin, stiff inner layer. This model was
based on the assumption that these two layers would capture most of the buckling
behavior; the lamina propria, due to its thickness, and the SCL, due to its stiffness, would
exert the strongest influence of airway mechanics. The epithelium was assumed to
compose a small part of the airway wall and to be highly compliant; thus it was excluded
from the model because it was unlikely to play a role in buckling. The smooth muscle
band was modeled as a very thin, uniformly constricting band surrounding the inner
airway wall. This smooth muscle boundary condition resulted in the buckling behavior
consistent with observation. As the smooth muscle constricts, the region of the airway
external to the smooth muscle is assumed to 'deform axisymmetrically and to be
decoupled from the inner airway's deformation. Therefore, for simplicity the adventitia
and parenchymal attachments were not included in the model, as they were likely to
deform axisymmetrically and without large resistance to smooth muscle shortening.
2.1 Two-Layer Model Components
The simple two-layer structure of the model was based on the geometry of the completely
relaxed airway internal to the smooth muscle (Fig. 2.1). The lamina propria in vivo is a
thick layer of loose connective tissue internal to the smooth muscle; thus the lamina
propria was modeled as an outer layer of thickness t0 and stiffness E. The subepithelial
collagen layer in vivo is a thin layer of densely packed, organized collagen matrix (96);
thus the SCL was modeled as a thin layer of thickness ti and stiffness E,, where t < to and
Ei > E0. The base radius R was defined from the center of the lumen to the outer edge of
the SCL in a completely relaxed airway.
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smooth muscle band
lamina propria
to E0
Figure 2.1: Schematic of two-layer airway model. The lamina propria is modeled as a
thick, compliant outer layer of thickness to and stiffness E.. The SCL is modeled as a
thin, stiff inner layer of thickness t1 and stiffness Ei. The base radius of the airway is the
distance from the lumen center to the outer edge of the SCL. The smooth muscle is
modeled by a boundary condition of uniformly constricting hoop strain.
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Only the lamina propria and the subepithelial collagen layer were included in the model
of the airway wall. The epithelium was not included because it is likely to be much less
stiff than the SCL, or even the lamina propria, and therefore would not provide
significant resistance to collapse or affect the deformation behavior of the buckling.
However, the epithelium would be expected to provide significant resistance to airway
constriction once the airway has buckled and the folds are well developed. Therefore, a
model of a folded epithelial cell layer was incorporated into the two-layer model after the
buckling behavior was determined. This model will be described in a later section.
The smooth muscle action was incorporated into a boundary condition at the outer radius
of the wall, as described later. The smooth muscle and any wall components external to
the smooth muscle were assumed to deform axisymmetrically and therefore did not need
to be modeled with continuum elements. This means that the smooth muscle layer, once
activated, decouples the inner airway's deformation from the outer airway's deformation.
Therefore, a fraction of the total load that the smooth muscle exerts would go towards
axisymmetrically deforming the parenchyma and adventitia, and the rest would be used
to buckle and collapse the inner airway. According to the computational model of
Lambert and Pard (66), resistance to smooth muscle constriction provided by the
adventitia or parenchymal attachments would be comparable to that of the inner airway
wall at low lung recoil pressures; at high lung recoil pressure, the resistance due to the
airway is negligible. For simplicity, we did not include the outer airway and parenchyma
in our model, but it must be noted that it might play a role in maintaining airway patency,
especially at low lung recoil pressures.
2.2 Mechanical Modeling Assumptions
2.2.1 Two-dimensional plane strain
The branching structure of the airways and the arrangement of the smooth muscle are
highly three-dimensional. However, at locations between branch points, the smooth
muscle and the wall geometry appear to have little variation along the axis. The mucosal
folds in a constricted airway tend to run along the length of the airway without any
variation in number along the airway length (133). Because there appears to be little
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variation in the geometry along the length of the airways far enough away from the
bifurcation, we modeled the airway as two-dimensional. In the case of two-dimensional
deformation, an assumption must be made about the third (axial) direction. If the
assumption is "plane stress," then all non-zero stresses lie in the plane and there is no
force, only deformation, in the axial direction. If the assumption is "plane strain," then
all non-zero strains lie in the plane and there is no strain, only stress, in the axial
direction. Of these choices, the assumption of plane strain appears most reasonable
because the airways are not likely to shorten axially during constriction. The smooth
muscle wraps around the airway at an angle approximately 130 to the plane of a cross-
section (70), which is a shallow angle and would likely have little effect on airway length
during constriction (8).
2.2.2 Homogeneous isotropic layers
Both layers were assumed to be a homogeneous, isotropic continuum, which differ only
in their thickness and assigned elastic modulus.
The assumptions of homogeneity and isotropy are likely to be reasonable for the lamina
propria, as it is composed primarily of loose connective tissue and gel-like proteoglycans.
In tissue sections of the lamina propria taken perpendicular to the airway axis, the fiber
structure appears to be composed of random collagen coils. Parallel to the airway axis,
however, the are straight fibers of elastin, which may result in some anisotropy of the
lamina propria (22). There exist some discontinuities in composition with blood vessels
and individual bundles of collagen and elastin. However, these anisotropies and
inhomogeneities appear relatively small in size and would likely result in a roughly
constant value of E throughout the layer.
The subepithelial collagen layer is significantly more ordered than the lamina propria,
with collagen fibrils aligned approximately at a 450 angle to the airway axis (70). This
orientation suggests that the collagen layer has an equal tendency to be deformed
longitudinally or circumferentially, thus behaving relatively isotropically. Measurements
of the tensile stiffness of the inner ovine tracheal wall showed a marked anisotropy,
however, with a longitudinal stiffness approximately three times greater than the
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circumferential stiffness (22). There have been no studies of the SCL properties in
compression. For simplicity and for a lack of knowledge about the material properties,
we assumed isotropic behavior. The size of the collagen bundles is small compared to
the layer thickness, creating a layer that we could assume to be homogeneous. There is
no clear boundary between the two layers in vivo, but the collagen content changes
abruptly over a relatively short distance beneath the epithelium. The location of this
jump in collagen content is taken to be the interface between the two discrete layers of
the model.
2.2.3 Incompressible Hookean and neohookean materials
Determining the correct constitutive law for biological materials is extremely difficult.
The microstructure of the tissue is more complicated than the classic engineering
materials, and the tissue is generally hydrated, with the material properties depending on
the degree of hydration and the porosity. The stress-strain behavior of biological tissues
is also difficult to determine, and is likely to behave in a non-linear fashion with large
deformations. However, incorporating complicated material behavior into the finite
element model is not likely to bring greater insight into airway wall mechanics, so the
simplest linear material models are employed.
The simplest material constitutive law is that of an incompressible, linear-elastic
(Hookean) material. The material is characterized by two constants: the Young's
modulus (E), which represents the material stiffness, and Poisson's ratio (v), which
represents the material compressibility. Other material constants that might be used to
describe a Hookean material are the shear modulus (G), the bulk modulus (K), or the
Lam6 constant (X). Only two constants are necessary to describe the material (here E and
v are used) but conversion between constants is entirely equivalent.
An incompressible material has a Poisson's ratio (v) of 1/2 and an infinite bulk
compression modulus K. Computationally, v = 0.5 is difficult to implement, and values
of v > 0.45 are used to model "nearly incompressible" materials. Because biological
tissues are composed primarily of water, they are assumed to be incompressible. The
constituents of tissue (e.g., collagen, elastin, proteoglycans, water, etc.) when taken
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separately, do appear to be incompressible. Tissues are bi-phasic in nature, however,
with a porous matrix of connective tissue filled by cells, water, proteoglycans, and other
proteins. Therefore, tissue could be compressed if sufficient time were allowed to elapse
for the water to be squeezed out of the interstitial spaces. In the case of the airway wall,
an assumption of incompressibility means that the time interval over which the smooth
muscle constricts is sufficiently short that the water in the wall does not have time to
significantly redistribute. Good estimates of this time for fluid movement and
compressibility would require knowledge of the permeability of the tissue, which is
unknown at this time.
Hooke's Law
Hooke's law describes the relationship between stress (the force per unit area in the
current configuration) and strain for isotropic linear-elastic materials. The stress and
strain tensors are symmetric, which means the off-diagonal shear stresses and strains are
equal. For simplicity these tensors may be expressed in column matrix form.
stress tensor: " "2= T21 (2.1)
L'12 T22
T12J
dul
El dx1Es n 12 u (2.2)
strain tensor: - E 22 f 2
_E12 E221 x2±rzl + ii2
and u(x) = the displacement as a function of reference position = y(x) - x. The strain
tensor presented here is the small strain approximation of the Cauchy-Green strain tensor
and is used in linear elastic theory. For two dimensional plane strain, the stress is related
to the strain by the following tensor equation:
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E(1 - v) Ev 0
T (1+v)(1-2v) (1+v)(1-2v) el
Bf, E(-v) 0 E22 (2.3)
~T1 (1 + v)(1 - 2v) (1 + v)(1 - 2v) E E1
0 0
For plane strain, t 3 3 is not necessarily zero, but it is not included here and may be
calculated afterward. Notice that for incompressible materials (v -- > 0.5) some of the
terms in the constitutive law are singular. To avoid this problem, finite element analyses
employ the "u/p" (displacement/pressure) formulation, which rewrites the constitutive
equation to separate dilational energy from distortional energy. The u/p formulation
makes the stress-strain relationship more accurate for incompressible materials. If the
reader is interested in details of the u/p formulation, s/he is referred to ref. 9.
Neohookean constitutive theory
The linear-elastic material description is not appropriate for large-strain deformation
analyses, so alternative theories must be employed. The small strain approximation of
the strain tensor used in linear elastic theory is no longer sufficient, and the full left
Cauchy-Green strain tensor (B) must be used.
2 2
1+2 + + -+ -+- +-
dx dx1  &x2 dx, dx, dx, dx1 dx2 dx, (2.4)
du, _u2 d duo dull, du u du_
du 1 + d+ 1 "+ - 1+2 '2 L+ 2 + 2
d2 d 1  dx d& dx ddx2  ddx2 dx1 X1 31 SX 2 E2 X1
Notice that B = 1 + 2E + quadratic strain terms.
One material that is isotropic, homogeneous, incompressible, and undergoes large
deformations is rubber; thus, rubber (or hyperelastic) models are sometimes used. Some
common descriptions are the Mooney-Rivlin and Ogden descriptions, which relate the
strain energy function to the Cauchy-Green strain tensor via a polynomial. with multiple
coefficients. The Mooney-Rivlin description is the simplest using a first-order
polynomial, and is the material model used in this thesis. For a general compressible
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Mooney-Rivilin material, the strain energy function is defined in terms of the invariants
of the left Cauchy-Green strain tensor and three parameters that characterize the material:
CIO, C01, and D,. (For details on hyperelastic material descriptions, see ref. 3). The
hyperelastic model that behaves most like a linear elastic material is the neohookean
formulation, where all coefficients in the material description are zero except for CIO and
D,. The neohookean coefficients (CIO, DI) are related to the Hookean parameters (E, v)
by the relationships:
E 6(1 - 2v) (2.5)
4(1+ v) E
Note that for an incompressible material, DI = 0 and CIO = E/6. The Cauchy stress ('T) for
an incompressible neohookean material is then:
T = -pI+ 2CIOB (2.6)
where p is the pressure and I is the identity matrix.
TI + T22 +T 3 3  [1 0] (2.7)
P=1 3 0 1
Again, the same problem that occurs for nearly incompressible linear-elastic materials
develops for hyperelastic materials, and the stresses and strains are divided into pressure
and deviatoric parts to avoid ill-conditioning (i.e., the u/p, or "mixed" formulation is
employed).
2.2.4 Smooth muscle shortening boundary conditions
The smooth muscle boundary condition was chosen to give the most realistic pattern of
constriction as observed in vivo. There were several choices of boundary conditions
which were explored by Hrousis (48), and the one chosen was an imposed hoop strain on
the outer edge of the airway. The smooth muscle was modeled as a infinitesimally thin
but very stiff truss composed of a thermal material which, when its ambient temperature
was lowered, would shrink with a uniform hoop strain. This boundary condition gave
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uniformly sized, multi-lobed buckling while maintaining a relatively circular outer
circumference, similar to a constricted airway in vivo.
2.2.5 Initial stress state
It is assumed that a membranous airway does not have residual stresses in its
unconstricted, relaxed state. There is preliminary, unpublished evidence that this is in
fact the case (48) and in the absence of conflicting evidence the airways will be modeled
with no initial stresses.
2.3 Two-Layer Model Parameters
As depicted in Fig 2.1, the two-layer model consists of 5 varying dimensional parameters,
ti, Ei, to, E,, and R; both layers are modeled as nearly incompressible (v = 0.499). To
reduce the number of model parameters further, the terms may be non-dimensionalized to
3 independent parameters:
inner thickness ratio: t =
R
outer thickness ratio: t0 = R
stiffness ratio: E* = *
E
We are interested in several quantities from the model: the muscle pressure (Pm) exerted
on the exterior of the airway, the stress within the airway wall (aF, radial or
circumferential), the percent change in length of the smooth muscle (A), and the cross-
sectional area of the unoccluded lumen (A). These output variables of interest may also
be non-dimensionalized as follows:
.P
normalized external smooth muscle pressure: P = "
EO
normalized wall stress: a =
Ep
percent of smooth muscle shortening: A = I1_ *100
Roo
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, 7cR_ -r c(R 2 - Rij)
normalized luminal area: A =
rR~
total area - wall area
initial lumen area
Ro = outer radius, R., = initial outer radius = R + to, Rio = initial inner radius
We are also interested in the resistance of a constricted airway to airflow. The
relationship between changes in airway resistance (AR) with wall thickening and
smooth muscle shortening (PMS), assuming Poiseuille (i.e., fully-developed laminar)
flow in the airways, has been described by Moreno et al. (81) as:
F _________________ -4(25
AR = -(1 -PMS * PMP) - PW 1 -(2.5)1 (1- Pw)
PW All (2.6)
SAwall + A lumo
PWO is the fraction of the total airway occupied by the wall in the initial, relaxed state,
PMP is the fraction of the perimeter occupied by smooth muscle, and PWn is the wall
fraction of an unconstricted normal airway. PMP for small airways is assumed to be 1
(i.e., the smooth muscle completely surrounds the airway). All fold changes in resistance
were normalized to the resistance of the unconstricted normal airway, or:
R*= ARaw
ARaw(normal, PMS = 0)
2.4 Finite Element Modeling Procedure
Finite element theory and procedures are complicated and are not presented in this thesis.
The reader is referred to (9) for an excellent text on finite element procedures.
Fundamentally, finite element modeling is employed to solve the equation:
KAU=F+R (2.7)
F represents the stresses internal to the structure and R represents the traction forces
applied to the surface of the structure. K is the stiffness matrix, and AU is the
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displacement of the structure. So forces within and external to the structure (F and R) act
to displace the structure (AU), and the stiffness of the structure (K) represents the
resistance of the structure to deformation. In finite element modeling, the structure is
discretized into small regions (elements) over which the displacement field is interpolated
based on the displacement of a few important reference points (nodes). From the element
stiffness matricies the nodal loads may be calculated from the nodal displacements.
Thus, the structure's displacement, stresses and strains may be calculated throughout the
history of loading.
All computations were done using ADINA (v7.2, ADINA Inc., Watertown, MA), a
commercially available finite element package. Quadrilateral 2D plane strain elements
were used and each element contained 9 nodes: 4 at each vertex, 4 located between each
vertex, and 1 in the center of the element. Nine node elements are the most stable and
accurate of the 2D elements, but are also the most computationally expensive.
2.4.1 Nonlinear static analysis on perfect two-layer structure
First a perfectly circular two-layer tube was constructed. Dimensions of the two layers in
the composite tube were calculated from morphometric data of airways in the literature,
or were taken from Hrousis (48). The tube was loaded gradually by constricting the
thermal band surrounding the structure in small increments. A large strain, large
displacement non-linear static analysis was performed at each load step until the stiffness
matrix became non-positive definite (i.e., the determinant of the stiffness matrix is no
longer 0). This change in the stiffness matrix indicated that the structure could no
longer deform axisymmetrically and the structure was about to buckle at that load. Note
that the structure will buckle only if it consists of more than one type of material; a
simple tube with only one layer will not buckle but will deform axisymmetrically. A
linearized buckling analysis must be performed to determine exactly how the structure
will buckle.
2.4.2 Linearized buckling analysis
A linearized buckling analysis (LBA) is a useful way of determining which buckling
mode is preferred by the structure. The mode in this case is the number of folds into
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which the stiff inner layer of the tube will buckle. The buckling mode which requires the
least amount of energy to produce it is the one that is preferred by nature with the optimal
number of folds, N. To perform an LBA, the structure was statically preloaded by an
amount very close to the buckling load determined in the initial static analysis. This
gives the preloaded stiffness matrix K. Then a perturbation in the load (AR) is added
and the resulting change in stiffness (AK) is used to estimate the buckling load of the
structure, which occurs when the determinant of the stiffness matrix goes to zero, or:
det(KO - XAK) = 0 (2.8)
This results in the following matrix eigenproblem:
K0 {W} =X AK{T} (2.9)
The eigenvalue k is the necessary amplification of the incremental stiffness (AK) and
load to bring the structure to the estimated buckling point. The eigenvector { T } is the
vector of incremental nodal displacements which describe the new buckling modes of
deformation. From { T } ADINA calculates the number of folds, N.
2.4.3 Two-layer wedge model
After we determined the preferred number of folds in the LBA we assumed that the
number of folds remained constant throughout the rest of the deformation. We also
assumed that the two-layer structure buckles with rotational symmetry; thus we needed to
model a wedge of only one-half of a fold's wavelength in the collapse analysis. In order
to achieve buckling and collapse of the two-layer structure an imperfection must be
introduced. The imperfection must be large enough to disrupt the model symmetry, but is
not so large as to be noticeable without large magnification. In the wedge model, the
imperfection was introduced by making the inner radius slightly larger where the
"trough" of the fold will develop, and slightly smaller on the other side of the wedge
where the "peak" of the fold will develop. The imperfectio-amplitude was defined as:
1I= -(largest inner radius - smallest inner radius).2
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The normalized imperfection amplitude is:
R~
The selected magnitude of the imperfection was somewhat arbitrary; the choice depends
only on whether or not one wants to see a sharp or gradual transition from pre- to post-
buckling behavior. Hrousis found that values of 1* = 100 - 104 worked best to produce a
sharp transition (48).
2.4.4 Model of epithelial layer
None of the structural models of the airway wall developed so far include the effects of
the epithelial cell layer on post-collapse behavior (68, 127). If one assumes that the
modulus of airway epithelium is similar to that of bovine endothelial cells, then the
effective Young's modulus of epithelial cells is estimated at 0.3 - 1 kPa (112). This
modulus is approximately 17 - 200 fold less than the measured moduli of the other layers
(22, 48, 136; see section 3.7). Because the epithelial cell layer is likely to be much more
compliant than the subepithelial collagen layer or even the lamina propria, it is not likely
to contribute much to the pre-buckling behavior or determination of the buckling mode.
The epithelium composes a significant proportion of the airway wall, however, and may
be just as thick as the lamina propria in the peripheral airways (53). It is apparent from
micrographs of constricted airways that the epithelium fills the folds of the airways and
therefore would likely play a significant role in post-collapse behavior of the airway. We
first attempted to model the epithelium simply by including a third, highly compliant
layer interior to the thin, stiff inner layer. This created computational difficulties,
however, and we had to incorporate the epithelial cell layer in a different manner.
We were primarily interested in modeling the epithelium in a collapsed, buckled airway.
Therefore, we modeled the epithelium as an impenetrable barrier of the appropriate
thickness (te* = te/R) in the shape of the epithelial layer within a fold (Fig. 2.2a). This
barrier is constructed just beneath the stiff inner layer and is directed to translate with the
airway as it moves inward. This translation is accomplished by holding the distance
between the apex of the barrier and the outer radius of the airway constant (D = constant).
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Figure 2.2: Schematic of epithelial barrier model.
(A) The epithelium is modeled as a contact
surface of width te* that translates with the airway. The
distance D between the apex of the barrier and the outer
radius remains fixed. (B) The barrier does not interfere
with buckling until the fold contacts the surface.
(C) The two-layer model folds around the epithelial
barrier with large degrees of smooth muscle constriction.
(C)
48
k
The barrier has no material properties and is assigned as a contact surface for the two-
layer fold. There is no contact with the barrier and it does not interfere with the buckling
or the post-buckling behavior of the two-layer structure (Fig. 2.2b) until the fold begins to
turn inward and contacts the barrier. As the thermal band continues to constrict, the two-
layer fold continues to deform around the barrier until the computation ceases (Fig. 2.2c).
This method of modeling the airway wedge allows for very large deformations without
the need to remesh the wedge as was necessary in the Hrousis study.
Although at first this method of modeling the epithelial cell layer seems unconventional,
we believe that it represents the situation in vivo fairly well. During the initial stages of
constriction, the epithelium simply "goes along for the ride" and has little effect on the
collapse process. As the folds in the airway become deeper, however, the epithelium
becomes confined within the folds. Because the epithelial cells are likely to behave
incompressibly, the cells confined within the fold form an "impenetrable barrier",
resisting further deformation and causing the fold to deform about the epithelial layer. A
comparison of a deformed model mesh and the histological structure of an airway fold
shows a striking resemblance of the model a fold in vivo (Fig. 2.3). A tracing of a snap-
frozen highly constricted guinea pig airway (134, 135) is shown in Fig. 2.4, to
demonstrate more clearly how the epithelium fills the folds.
Not only does this model allow us to examine the effect of the epithelium on post-
collapse mechanics of the airway wall, but it also allows us to calculate the stresses in the
various regions of the wall of a highly constricted airway. Therefore, this model may be
utilized to determine the stresses on the epithelial cell layer during smooth muscle
activation, and motivate the cellular experiments in which the response of epithelial cells
to these stresses is examined.
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Figure 2.3: Comparison of a single fold in a constricted airway and the finite element model.
The micrograph of a single fold is courtesy of UBC Pulmonary Research Laboratories. The
heavy line in the model diagram is the interface between the SCL and the epithelium. The
epithelium would occupy the space beneath the model barrier.
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(A)
Figure 2.4: (A) Tracing of a snap-frozen highly constricted guinea pig airway. (B) Close-up
of the airway folds. (134, 135).
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Chapter 3
Results and Discussion of Finite Element Analysis
I. Results
3.1 Model Dimensions
There have been several morphological studies on the dimensions of the airway wall in
normals and asthmatics (54), but only one (53) has measured the dimensions of each
individual component of the inner airway wall (epithelium, "submucosa" and smooth
muscle). Other studies (14, 16, 21, 96, 98, 130) have focused on the thickness of the
subepithelial collagen layer in normals and asthmatics. Despite this apparent wealth of
morphometric data it was difficult to select model parameters that were both consistent
with the literature and gave realistic model results.
There is some ambiguity in the definition of the airway radius. In Hrousis (1998), the
characteristic radius of the airway was defined from the center to the outer edge of the
SCL. In other studies (13, 53, 124), the airway radius was defined to the inner edge of
the epithelium. Hrousis assumed that these radii were approximately equal (i.e., the
thickness of the epithelium was negligible compared to the total wall thickness), which,
according to the measurements of James et al. (53), gives rise to significant errors in the
small peripheral airways. Airways may be grouped by size according to the internal
perimeter of the epithelium or the basement membrane perimeter. Initially, James et al.
(53) used the internal perimeter to group airways, but later, James (54) used the mean
basement membrane perimeter determined in Carroll et al. (20) for the various airway
size groups to calculate dimensions of the wall components. In the finite element model
calculations, the characteristic radius R was defined to the outer edge of the SCL.
3.1.1 Thickness of subepithelial collagen layer
The thickness of the subepithelial collagen layer has been extensively measured. Below
is a table of measurements of the subepithelial collagen layer from various studies.
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Subepithelial Collagen Layer Thickness (pm)
STUDY Roche Brewster Roberts Boulet Chetta Wilson
ref# 98 16 96 14 21 130
Year 1989 1990 1995 1997 1997 1997
Norm. (low) 4 3 5 4 3.8 2
Norm. (high) 6 8 9 5.2 5
Asth. (low) 8 4 10 6 6.8 3
Asth. (high) 11 15 28 22.1 11
Table 3.1 Subepithelial collagen layer thicknesses from various morphometric studies.
None of these studies indicated from which airways the biopsies were taken, which is
important to know because the thickness is expected to vary with airway size.
Fortunately, one study (49) did simultaneously report SCL thicknesses and airway size,
and the asthmatic data were tabulated by Codd et al. (22) and fit to a power law by
Hrousis (48).
Asthmatic: t 0.0 12 2 (R 0 (3.1)
mm
R/mm indicates that the inner radius in millimeters should be used in the equation. The
power law for normal airways was determined by Hrousis to be:
Normal: t, =0.00 6 1 (R) (3.2)
mm
which is consistent with the tabulated data that the normal SCL thickness is roughly half
the asthmatic thickness.
We wished to model airways that did not contain cartilage in the wall (membranous
bronchioles), that were likely to play an important role in determining overall lung
resistance (126), and that would likely buckle into a reasonable number of folds (N = 10-
30). We selected to study two airways: a normal airway with ti*(normal) = 0.02, and an
asthmatic airway with ti*(asthmatic) = 0.04. These thickness parameters correspond to
airways with characteristic radii (i.e., the radius of the outer edge of the SCL) of 0.286
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mm and 0.288 mm for normals and asthmatics, respectively. The actual SCL thicknesses
for these airways are approximately 6 gm for normals and 12 gm for asthmatics. Both
are representative of generation 15 or 16 airways according to the models of Wiggs et al.
(126, 128); it is in these peripheral airways that resistance increases most dramatically
with smooth muscle constriction.
3.1.2 Thickness of epithelial cell layer
Only James et al. (53) measured the wall area occupied by the epithelial cell layer. The
data from James et al. are presented in table 3.2, along with calculations for t* used in
the computational model. Data are sorted according to type and internal perimeter (Ps) of
the airway. Values calculated from the data are marked with an asterisk (*). In these
calculations, the basement membrane radius (Rbm) was used in place of the characteristic
radius (R) to calculate the thickness of the SCL using equations 3.1 and 3.2, and the
dimensionless thickness of the epithelium, te*.
The airways selected for model calculations belong in the small membranous bronchiole
category (Pi < 2mm). Thus, the te* for small membranous bronchioles is used in the
model calculations: te*(normal) = 0.052 and te*(asthmatic) = 0.088. Calculating from the
characteristic radii of 0.286 mm and 0.288 mm gives dimensional thicknesses of the
epithelium as: te = 0.015 mm (normal) and te = 0.025 mm (asthmatic).
3.1.3 Thickness of lamina propria
The thickness of the lamina propria was the most difficult to assess. James et al. (1989)
measured "submucosal" wall area. Though they never defined what they meant by the
submucosa, from the order in which the data were listed (between the epithelium and the
smooth muscle data), we assume they meant the region containing the lamina propria and
the SCL. However, when we calculated the thickness of the lamina propria, we obtained
thicknesses ranging from only 1 gm for a small normal airway (to* = 0.004), to 34 gm for
a large asthmatic airway (to* = 0.076; Table 3.2). These values are much smaller than
expected and are probably unreliable due to severe dehydration and protein precipitation
55
Dimensions of Membranous Bronchioles
James et al. (53)
small large
Pi < 2mm Pi > 2mm
mean basement membrane perimeter (ref 20) 1.5 mm 2.8 mm
* basement membrane radius Rbm m(Pbm/2t) 0.2387 mm 0.4456 mm
Epithelial wall area, mm2 (mean ± SD)
Normal 0.018 ± 0.006 0.069 ± 0.037
Asthmatic 0.030 ± 0.022 0.156 ± 0.084
Submucosal wall area, mm2 (mean ± SD)
Normal 0.010 ±0.004 0.049 ±0.037
Asthmatic 0.020 ± 0.020 0.135 ± 0.134
* mean external airway radius R,
Normal 0.2453 mm 0.4628 mm
Asthmatic 0.2517 mm 0.4915 mm
* mean internal airway radius R,
Normal 0.2264 mm 0.4202 mm
Asthmatic 0.2178 mm 0.3859 mm
* mean SCL thickness t. (eq 3.1 & 3.2)
Normal (ti* x Rbm) 0.0056 mm 0.0058 mm
Asthmatic (t,* x Rbm) 0.0114 mm 0.0118 mm
* mean lamina propria thickness (R.- t - Rbm)
Normal 0.00 10 mm 0.0114 mm
Asthmatic 0.0016 mm 0.0341 mm
* mean thickness of epithelium te = Rbm - Ri
Normal 0.012 mm 0.025 mm
Asthmatic 0.021 mm 0.060 mm
* mean te* = te/Rbm for model calculations
Normal 0.052 0.057
Asthmatic 0.088 0.134
Table 3.2: Airway wall layer dimensions calculated from James et al. (53).
during histological processing of the tissue (68). (The lamina propria is believed to be
more likely prone to shrinkage than the other layers due to its high proteoglycan content
and its loose, more mesh-like structure). We attempted to run model calculations using
the direct measurements of James et al., but the number of folds obtained were much
higher than observed histologically (60-70 folds, vs. 10-30 folds observed in vivo). It is
unknown by how much the lamina propria shrinks during histological processing, but
Lambert and coworkers found that arbitrarily doubling the area produced better
agreement with their model calculations (68).
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Wiggs and colleagues (126, 128) constructed a model of airway dimensions throughout
the bronchial tree from the data of James et al. (53) and Bosken et al. (13). These models
combined the inner wall thickness data of James and coworkers (53) and Bosken and
coworkers (13) with the Weibel model of the bronchial tree to construct inner wall
thickness data throughout the whole lung. The inner wall was defined as the area internal
to the outer circumference of the smooth muscle band (i.e., the inner wall included the
smooth muscle, the lamina propria, the SCL, and the epithelial cell layers). We selected
to use the same inner wall area calculated in the Wiggs (126, 128) models as the total
area internal to our smooth muscle band. Hrousis (48) tabulated the Wiggs model data
for normal and asthmatic airways and calculated the dimensionless thickness of the
airway wall, assuming the wall area was completely lamina propria (i.e., Hrousis
assumed to* = ttotai*). Using the characteristic radius calculated in section 3.1.1, the
appropriate dimensionless thickness (totai*) for the whole inner airway was extrapolated
(assuming the thickness varied linearly with radius between generations) from the
tabulated values given in Hrousis. (This was somewhat incorrect due to the difference
between Hrousis and Wiggs in definitions of the characteristic airway radius). Then the
thickness of the outer layer in our model was obtained from the Wiggs models by
subtracting the previously calculated dimensionless thicknesses of the epithelium and
SCL from the total inner wall measurements of Wiggs.
characteristic radius ttotal * t0 * to (mm)
R (mm) (Wiggs) =t total* - te* ti* = to* x R
Normal: 0.286
Asthmatic: 0.288
0.146
0.273
0.074
0.145
0.021 mm
0.042 mm
Table 3.3: Outer layer thickness ratios calculated from Wiggs models (126, 128).
In our model, the region of the wall external to the SCL was modeled by only one
material layer, even though the thickness of the smooth muscle layer and the lamina
propria were included in the outer layer. If the thickness of the smooth muscle baiid were
excluded from the outer layer, and if we used the histological measurements of the
lamina propria alone, then the outer layer would be too thin to produce realistic model
results. The thickness of the outer layer in the model may be thought to accommodate
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shrinkage of the lamina propria during histological processing, and to account for a
portion of the smooth muscle layer thickness.
In summary, the author first selected the dimensionless thicknesses of the SCL and then
used the equations in Hrousis (48) to determine the characteristic radii of the
representative airways. From the data of James et al. (53), the author then calculated the
thicknesses of the epithelial cell layers in the representative airways. Lastly, the author
extrapolated from the tabulated data of the Wiggs morphometric model (126, 128) the
total inner airway wall thicknesses of the selected airways; the thicknesses of the lamina
propria were calculated by subtracting the thicknesses of the SCL and the epithelium
from the total inner wall thicknesses.
3.1.4 Stiffness ratio
Little is known about the material properties of the tissue layers in the airway wall. For
the calculation of folds we primarily need the ratio of the stiffness of the SCL and the
lamina propria. Hrousis (48) reported the results of experiments conducted by Verma
(118) to determine the stiffness ratio E* in bovine tracheas. From his indentation
experiments of bovine tracheal specimens, Verma (118) determined that:
E* = 17.
The value we selected for our model was E* = 20, which is close to Verma's
measurement and gave an acceptable number of folds in our simulations.
In the model calculations, the stiffness of the outer layer (E0) is arbitrarily assigned a
value of 1, and all stresses later are scaled by this factor. When the neohookean
formulation is used, the appropriate value for CIO of the outer layer is
C10(outer) = E)/6 = 1/6 = 0.166667.
The appropriate parameter for the inner lwyer when E* = 20 is
CIO(inner) = E/6 = 20/6 = 3.33333.
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3.1.5 Summary of model parameters
A summary of the dimensions used in the model calculations is presented below. For
these calculations, the neohookean Mooney-Rivlin rubber formulation was used. The
generation 15 airways were chosen as representative cases. Model calculations of
airways with different parameters gave similar results and provided no more significant
insight on the wall mechanics.
model parameter normal asthmatic
te* 0.052 0.088
ti* 0.02 0.04
to* 0.074 0.145
E* 20 20
dimensional parameters
R 0.286 mm 0.288 mm
te 15 gm 25 gm
ti 5.7 pm 11.5 m
to 21 gm 42 gm
Table 3.4: Summary of model dimensions used.
3.2 Linearized Buckling Results for Two-Layer Model
Pictures of the initial and buckled meshes for the two-layer models are shown in Fig. 3.1
(normal) and Fig. 3.2 (asthmatic). The normal airway buckled into 31 folds at a
normalized buckling pressure (Pb* Pb/E) of 0.059. The asthmatic airway buckled into
16 folds at a Pb* = 0.122.
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Figure 3.1: (A) Finite element mesh of the two-layer normal airway model.
(B) Linearized buckling analysis gives a mode of 31 folds.
(A) (B)
Figure 3.2: (A) Finite element mesh of the two-layer asthmatic airway model.
(B) Linearized buckling analysis gives a mode of 16 folds.
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3.3 Results for Three-Layer Wedge Model
A wedge of one-half of a fold wavelength was used in the three-layer model. The normal
airway wedge was 5.80 and the imperfection magnitude (* = 0.0005. The asthmatic
airway wedge was 11.25 and the imperfection magnitude was increased to 4* = 0.001.
(A value of (* = 0.0005 in the asthmatic airway wedge was too small to produce
buckling).
3.3.1 Tube law
The calculated tube laws are presented in Fig. 3.3. Fig. 3.3a is a plot of normalized
luminal area (A*) vs. normalized smooth muscle pressure (P*). Fig. 3.3b is generated
from the same computations, but is a plot of dimensional luminal area (A) vs. P*. The
external pressure was calculated by averaging the radial normal stress in the element
layer located directly beneath the smooth muscle band. The values for A* and A took the
epithelium into account even though it was modeled differently from the SCL and lamina
propria. The first "knee" in the tube law was the buckling point of the structure. The
normal airway buckled at a normalized pressure of 0.059, whereas the asthmatic airway
buckled slightly later at P* = 0.122. Notice that the asthmatic airway was less occluded
than the normal airway at the beginning of buckling (after the first "knee"), which is
consistent with the notion that asthmatic airway remodeling makes the airway stiffer and
less prone to occlusion (68), at least initially. However, the curves crossed relatively
soon after buckling, and the asthmatic airway was more occluded than the normal airway
during the later states of constriction. The second "knee" in the tube law occurred when
the two-layer fold begins to contact the epithelial barrier (i.e., when the epithelial surfaces
first touch). This contact point is strongly dependent on the relative sizes of the epithelial
layer and the fold wavelength. Because this ratio was slightly higher for the normal
airway than the asthmatic, the normal airway contacted the barrier at a higher A* than the
asthmatic. After contact with the barrier, the airway reached a "near-plateau", and a large
increase in smooth muscle pressure was required to achieve even a slight decrease in
luminal area. Notice that--at the same normalized luminal area--much less smooth
muscle pressure was exerted on the asthmatic airway thainon the normal airway.
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Figure 3.3: Tube laws for normal and asthmatic airways. Plot (A) is dimensionless, plot (B)
is of the dimensional luminal area.
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Immediately after buckling, there appeared to be a slight instability in the pressure-area
relationship of the normal airway model, and the average smooth muscle pressure
decreased while the structure continued to collapse. This instability was not seen in the
model calculations of Hrousis (48); this discrepancy was likely due to the difference in
model dimensions between this and Hrousis's analysis. During buckling, there were
radial compressive stresses in the outer layer where the stiff inner layer was bending
outward, compressing the outer layer. There were radial tensile stresses, however, where
the inner layer was bending inward. The airway models used by Hrousis had a relatively
thick outer layer, so these pockets of radial tensile stresses dissipated before reaching the
smooth muscle band. In this model, the outer layer was much thinner, and the radial
tensile stresses propagated to the smooth muscle band. When the average smooth muscle
stress was calculated, these tensile stresses resulted in a decrease in the average stress.
This instability could be smoothed by increasing the size of the initial imperfection so
that the buckling transition would not be so abrupt. In a biological airway, we would not
expect any instabilities in the buckling behavior, as the initial imperfections in vivo are
likely to be much larger than those imposed in our finite element analysis.
3.3.2 Effect of epithelial barrier
The size of the epithelial barrier strongly influences how far the airway will constrict in
the model. An airway with a thick epithelium and/or a large number of folds (small fold
wavelength) will not experience much luminal obstruction and the tube law will plateau
at a high A*. If the epithelium is thin or the airway buckles into few folds, the tube law
will plateau at a low luminal area or will completely collapse to zero luminal area.
Several studies have shown that the epithelium is damaged and leaky in asthmatic
airways (79). In some studies, investigators have found the airway nearly denuded of
epithelium, although it is controversial whether or not the denudation is an artifact of
specimen preparation (85). Damage or denudation of the epithelial cell layer is likely to
make the airway more sensitive to agonist, and may expose the smooth muscle to more
constricting agents (50). Thinning of the cell layer would also likely affect the mechanics
of wall constriction. We explored the effect of denuding the epithelium in our model by
extremely narrowing the contact surface. Narrowing the barrier would allow the
calculations to continue without remeshing but still allow the structure to collapse with
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minimal resistance from the barrier. We compared our representative asthmatic airway
with and without the epithelial barrier; the calculations for A* and dimensional area were
appropriately adjusted for the lack of epithelial tissue. The effect of denudation is shown
in the tube law plots (Fig. 3.4). The airway with the epithelium denuded experienced a
more dramatic decrease in A* at a lower smooth muscle pressure.
In the model calculations of Hrousis (48), the epithelium was not included as a discrete
layer, and the calculations were run until the folds of the SCL were pressed up against
each other. The results of the pressure-area relationship calculated by Hrousis for normal
and asthmatic airways from generation 15 are given in Fig. 3.5. Early in the calculation,
our airways and the airways in Hrousis behaved in a similar fashion and collapsed at
roughly the same P*. Because there was no epithelial layer present to occupy the space
within the folds of the Hrousis model, the airways continued to collapse and experienced
a dramatic decrease in luminal area at low values of smooth muscle stress. In our model,
the presence of the epithelial layer greatly increased the airways' resistance to collapse,
and maintained luminal patency at higher amounts of smooth muscle stress (Fig. 3.3).
Our model gave similar collapse behavior to that of Hrousis when we decreased the
thickness of the epithelial barrier, to represent an airway with a denuded epithelium (Fig.
3.4).
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Figure 3.4: Tube law for asthmatic airway with intact epithelium and with denuded epithelium.
Plot (A) ordinate is dimensionless luminal area, plot (B) ordinate is dimensional luminal area.
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Figure 3.6: Plot of normalized airway resistance (R*) vs. normalized smooth muscle pressure
(P*) for the representative normal airway, asthmatic airway, and asthmatic airway denuded of
epithelium.
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3.3.3 Airway resistance
Investigators have shown that the increased amount of inner wall tissue does not have a
dramatic effect on baseline airway resistance, but dramatically increases resistance with
smooth muscle shortening (53, 88, 128). Our model dimensions produced a similar
result. The baseline resistance of the asthmatic airway was only 1.7 fold greater than that
of the normal resistance. After denuding the epithelium from the asthmatic airway,
however, the baseline resistance was even less, only 1.1 fold greater than the normal
airway. The resistance to airflow of the normal airway, as calculated from equation 2.5,
would increase 100 fold of baseline between 30 - 40% smooth muscle shortening, and
would reach closure (i.e., infinite resistance) at 50% smooth muscle shortening. The
resistance of the asthmatic airway, however, would increase 100 fold between 20 - 30%
smooth muscle shortening, and would reach closure at only 36% smooth muscle
shortening. The asthmatic airway denuded of epithelium would not achieve a dramatic
increase in resistance until 30-40% smooth muscle shortening and would not reach
closure until 46% smooth muscle shortening. All of these estimates ignore the potentially
important influence of luminal liquid on airway resistance.
In our model calculations, we reached 26% smooth muscle shortening in the normal
airway, 20% in the asthmatic airway, and 29% in the asthmatic airway denuded of
epithelium. A plot of normalized airway resistance (R*) vs. normalized smooth muscle
pressure (P*) is given in Fig. 3.6. Notice that initially, the resistance of the asthmatic
airway was greatest, but at P* > 2, the resistance of the asthmatic airway denuded of
epithelium was greatest due to a larger degree of wall collapse. The resistance of the
normal airway remained well below that of the asthmatic airways at high smooth muscle
pressures.
The equation used to calculate airway resistance assumes fully developed laminar flow in
a circular tube. While the airway is constricting, however, the lumen is not circular but is
encroached by the tissue folds. These folds provide spaces for airway surface liquid to
accumulate (133). As the folds deepen, the resistance increases even more dramatically
than the values calculated using equation 2.5 due to airway surface liquid filling the
spaces between and outside the folds. While the airway surface liquid layer thickness is
small in normal peripheral airways (about 1 gm) (134), mucus hypersecretion in asthma
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could dramatically increase the surface liquid and occlude the airways. In cases of fatal
asthma, the mucus discharge capacity has been shown to be twice that of nonfatal asthma
cases and four times that of normals (51).
3.3.4 Stresses in airway wall
Representative color band plots of circumferential (compressive) stress (o*,) within a
highly constricted normal and asthmatic airway at approximately the same normalized
luminal area (A*(normal) = 0.41, A*(asthmatic) = 0.38) are shown in Fig. 3.7. Color
band plots of normalized radial stress (a,*) for the same airways are given in Fig. 3.8.
The dimensionless smooth muscle stress (P*) was 18.6 at 25% smooth muscle shortening
in the normal airway, and 7.2 at 20% smooth muscle shortening in the asthmatic airway.
We are particularly interested in the compressive (a*,) stresses on the epithelium within
the length of the fold. In our representative cases, the average normalized circumferential
stress along the fold length (from A to B in Fig. 3.7a) in the normal airway was d *(epi) =
24.7. The average smooth muscle pressure was P* = 18.6. In the asthmatic airway, the
average circumferential stress a-* (epi) = 11.4 along the fold length (from A to B in Fig.
3.7b). The corresponding smooth muscle pressure was P* = 7.2. Figure 3.9 is a plot of
the average normalized circumferential stress on the epithelium within the folds as a
function of normalized smooth muscle stress for both our normal and asthmatic cases.
Notice that, for the same value of P* (range on graph: P* = 4 - 6.5), the epithelial stresses
in the normal and asthmatic airway were virtually identical. A plot of the stress ratio,
a* (epi)/P*, for our representative airways is given in Fig. 3.10. Notice that, as the folds
became more developed (i.e., at high smooth muscle pressures), the stress ratio reached a
plateau value of about 1.3 - 1.5.
a-*(epi)
maximum constriction: , = 1.3-1.5.
This relationship applies only to our two representative cases and would not necessarily
hold for other computations. This relationship is useful when we compare our non-
dimensional computational results with values taken from the literature.
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Figure 3.7: Color band plots of normalized circumferential stress in a highly constricted
normal (A) and asthmatic (B) airway. The color scale is the same for both diagrams. The
normalized smooth muscle pressure was 18.6 at 25% smooth muscle shortening and A* = 0.41
in the normal airway. The normalized smooth muscle pressure was 7.2 at 20% smooth muscle
shortening and A* = 0.38 in the asthmatic airway.
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Figure 3.8: Color band plots of normalized radial stress in the same highly constricted
normal (A) and asthmatic (B) airway shown in Fig. 3.7.
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Figure 3.9: Average normalized circumferential stress on epithelium within the fold vs.
normalized smooth muscle stress.
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Figure 3.10: Ratio of compressive stress on epithelium to smooth muscle stress as a function
of normalized smooth muscle stress.
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We may also look at the stresses on the epithelium in the cusp of the fold, and on the
peak of the fold. Within the fold cusp, the circumferential stresses were somewhat less
than along the fold length, because the bending stiffness of the SCL supported some of
the stress (normal: (T.* = 17.5, asthmatic: a* = 9.3). The radial compressive stresses
within the cusp were slightly higher than the smooth muscle stresses (normal: aY,* = 20,
asthmatic: ar* = 8.3). At the fold peak, the epithelium was not confined and experienced
very little stress, either radially or circumferentially. There was, however, a large
gradient in circumferential stress at the SCL/epithelium interface at the peak of the fold.
II. Discussion
3.4 Wall Resistance to Constriction
Normal subjects develop plateaus on dose-response curves produced from inhalation
challenge tests with bronchoconstricting agents such as methacholine. Asthmatic
subjects, however, continue to experience an increase in airway resistance with
increasing dose of agonist. It is unclear what causes the plateau in normal patients; one
recent study compared two potential reasons for the plateau (80). Plateaus may develop
because, despite maximal activation, the load on the muscle provided by lung recoil and
tidal swings in airway transmural pressure are sufficient to prevent further shortening.
Or, the smooth muscle may be progressively activated throughout the plateau, but
progressive stiffening of the parenchyma (e.g., progressive muscle afterload) could resist
further constriction. In other words, according to Moore and colleagues, the plateau is
caused by maximal smooth muscle activation, or by progressive smooth muscle action
balanced by progressive loading from the lung parenchyma. In their study comparing
lung resistance to elastic recoil, Moore et al. (80) concluded that the smooth muscle was
maximally activated during the plateau, which was balanced by an equal afterload.
Hyperresponsiveness, then, could be a result of the failure of afterload to attenuate
smooth muscle shortening after maximal activation.
It is possible that the muscle was not maximally activated via inhaled metlhacholine or
other agonists, and the plateau of lung resistance observed in Moore et al. (80) was due to
limitations in the delivery of agonist. Brown and Mitzner (18) recently explored the
effects of agonist delivery methods on the resistance of canine airways. During aerosol
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challenge, the airway responses never reached a true plateau, even with maximal
concentrations. When methacholine was delivered directly to the airway luminal surface
in liquid form, however, airways were easily narrowed to closure or near closure even at
modest concentrations of agonist. Therefore, Brown and Mitzner concluded that neither
the elastic recoil of the lung, nor limitations of smooth muscle shortening could be
responsible for the apparent plateau observed in dose-response curves of normals.
However, Brown and Mitzner only studied large airways (4.2 - 11.7 mm relaxed
diameter) that contained cartilage and would not likely have a uniform smooth muscle
band surrounding the airway. These airways appeared to collapse differently from
membranous bronchioles, and the outer circumference did not remain circular but
collapsed inward. Therefore, we still do not know if the different mode of airway
constriction in membranous bronchioles would resist collapse under maximum smooth
muscle activation.
In our model, all resistance to smooth muscle constriction was provided by the inner
airway wall; we did not include the effects of parenchymal attachments. As the smooth
muscle band constricted and the folds developed, the airway model reached a near-
plateau in luminal narrowing (e.g., large increases in smooth muscle pressure were
required for small changes in luminal area (Fig 3.3)). The normal airway exhibited this
near-plateau at a higher luminal area and lower airway resistance than the asthmatic
airway. The asthmatic airway also experienced a near-plateau, but at a lower luminal area
and higher resistance to airflow (Fig. 3.4). The resistance to airflow in the asthmatic
airway was sharply increasing at much lower values of smooth muscle pressure than in
the normal airway (Fig. 3.6) and a plateau in asthmatic airway resistance would not be
predicted (equation 2.5) by this model. Therefore, our model of the inner airway alone
captured the physiologic observation of a plateau in normal airway resistance and the
absence of a plateau in asthmatics with smooth muscle activation.
Our model demonstrated that asthmatic airway hyperresponsiveness was likely due to
wall thickening and possibly due to the subsequent change in the buckling mode that wall
thickening produced. The epithelium, previously discounted in other models of wall
buckling, proved to be very important in determining the wall resistance to collapse. In
our representative normal and asthmatic airway models, the asthmatic airway lumen was
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more occluded than the normal at the same smooth muscle pressure, except during the
initial stages of collapse. This greater occlusion primarily appeared to be due to the
greater thickness of the asthmatic airway wall, and not by the difference in the buckling
modes of the model airways. While the asthmatic airway buckled with roughly half the
folds of the normal airway, the epithelium in the asthmatic airway was almost doubled in
thickness, so the ratio of the epithelial thickness to fold wavelength was about the same in
both airways. Therefore, it was not so much the change in buckling mode as the change
in wall thickness that resulted in asthmatic airway hyperresponsiveness.
Our model cases also demonstrated how changes in the buckling mode, and not only wall
thickening, might result in airway hyperresponsiveness. In the model of the asthmatic
airway "denuded" of epithelium, the total wall thickness was not much larger than in the
normal airway, but the inner barrier was thinned by about a factor of 3 so as not to resist
airway collapse. Because the ratio of the "epithelial barrier" thickness to fold wavelength
was much less in this model, the airway collapsed quickly and at low smooth muscle
pressures. This not only demonstrated how airways denuded of the epithelium are likely
to be hyperresponsive, but it also demonstrated how changes in the buckling mode
(particularly changes in the epithelial thickness to fold wavelength ratio) would lead to
hyperresponsiveness. In micrographs of constricted airways (particularly asthmatic
airways) there are airways with folds that are considerably larger than the thickness of the
epithelial layer (Fig. 1.3, Fig. 2.3), and our model predicted that these airways would
collapse at relatively low smooth muscle pressures. Therefore, asthmatic airway
hyperresponsiveness could be explained by the reduction in resistance to collapse due to
a decrease in buckling mode, or epithelial denudation of the remodeled inner airway wall.
3.5 Realistic Smooth Muscle Parameters
There are limitations in the amount that smooth muscle can shorten and how much stress
that it can generate. In this section we explore these parameters and what model results
might be realistic.
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3.5.1 Smooth muscle shortening
Muscle is limited in the amount it can shorten. Values for in vivo and in situ smooth
muscle shortening range between 20 and 50% in the large and small airways of animals
(126). In our model calculations using realistic airway dimensions, the band representing
the smooth muscle never shortened more than 29%, so we were well within the range of
expected degrees of smooth muscle shortening.
3.5.2 Smooth muscle stress
Smooth muscle is also limited in the amount of stress it is able to generate. In one often-
cited study, Gunst and Stropp (41) measured transmural pressures generated by smooth
muscle activation in excised canine bronchi. They measured pressures in both large and
small bronchi, and as a function of the bronchus inflation volume. In the small bronchi,
active pressures were always > 30 cmHO at all volumes except the maximal volume.
They found the maximal active pressures in the small bronchi averaged > 40 cmH2O
between 10 and 40% of the maximum volume. Therefore, we used this maximal value in
our model calculations as an estimate of the maximum smooth muscle radial stress
(Psm(max)) applied to the outside of the airway:
Psm(max) = 40 cmH2O ~ 4 kPa.
Incidentally, Gunst and Stropp also observed folding of the epithelial layer in the
histological sections and the muscle layer remained circular. This folding, they added,
might have resulted in underestimation of both active muscle tension and stress.
Therefore, the maximum smooth muscle stress generated in the small bronchi may in fact
be higher than our estimate of 40 cmH2 O.
In the model calculations, smooth muscle stresses were normalized by the modulus of the
outer layer, E0 . Thus, we require information on the stiffness of the airway wall tissue to
determine how much constriction in the model was realistic.
Codd and coworkers (22) performed measurements of the tensile stiffness of ovine
tracheal wall. The tissue behaved anisotropically and was three times stiffer
longitudinally than circumferentially. This anisotropy was likely due to elastin fibers
aligned with the tracheal axis; the collagen in the lamina propria was randomly arranged.
77
Removal of the epithelium had no effect on tensile stiffness. After correcting for errors
inherent in the experimental procedure, they estimated the circumferential tensile
stiffness of the SCL to be 2 20 kPa and the longitudinal tensile stiffness to be 60 kPa. If
these values primarily reflected the stiffness of the subepithelial collagen layer
throughout the lung tree (E), and if one assumes similar behavior in tension and
compression, then Ej in the model calculations ranged from 20 - 60 kPa. By using the
value of E* = 20 from our model calculations, we estimated a physiologic range of
maximum normalized smooth muscle stresses in our model:
P Pmax* s(max) _ 4 kPa - 4 kPa =1.333 - 4.
E0  3 kPa 1 kPa
Another study using similar methods measured the tracheal tensile stiffness to be 80 -
150 kPa (136), which would result in lower values for the physiologic range of
normalized muscle stresses (Pmax*= 0.53 - 1).
Hrousis (48) referred to one unpublished study by Wiggs in which the compressive
modulus of the lamina propria in porcine airways (E) was measured to be 17 kPa. This
would result in a maximum normalized smooth muscle stress (Pmax*) of only 0.24.
Combining the values of Ei estimated above and this value of E. would give a range of E*
= 1.2 - 8.8, which is considerably lower than the E* determined by Verma (118) in his
indentation experiments, and would likely result in somewhat unrealistic buckling
behavior according to the analysis of Hrousis.
Obviously, the range of values for the material properties of the layers is large and it is
consequently difficult to assess the results of the model on the basis of these studies.
General conclusions may be made, however, which will assist in model interpretation.
The parameter that is the most accepted of the above studies is the maximal smooth
muscle pressure determined by Gunst and Stropp (41). This value of 4 kPa is an
appropriate estimate of the smooth muscle stress when the model has reached a high state
of constriction. Another important parameter to know is the appropriate limit of the
normalized smooth muscle pressure in the model calculations (Pmax*). Using material
properties of the airway wall tissue in our model calculations, we estimated the maximum
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smooth muscle pressure (P*) to range from 0.24 - 4. In our model calculations, the folds
were not well developed at such low values of P*, and higher pressures were required to
visualize deep folds. It is apparent from micrographs (Fig. 1.3), however, that the folds
are indeed well developed in constricted airways. The manner in which the finite
element model was constructed may prevent the development of deep folds at lower
smooth muscle pressures.
In micrographs of constricted airways, the epithelial cell layer appears to be narrowed
within the folds as the cells are being squeezed into the luminal space (Fig. 1.3). In the
model, the epithelium was modeled as a rigid barrier of fixed thickness that translated
with the airway. The distance between the outer radius and the top of the barrier was
fixed in the model, so once the barrier contacted the rest of the airway, the lamina propria
was not allowed to thin in the region above the fold. Both of these model features
reduced the ability of the folds to develop and may result in abnormally high external
pressures required to produce developed folds in the model calculations. Also, the ratio
of the thickness of the epithelial layer to the fold wavelength appeared to be somewhat
higher in the model than in constricted airways in vivo (Fig. 2.3) which would result in
high external pressures required to constrict the airways. When this ratio was decreased
in the model, much less pressure was required to constrict the airways and develop the
folds. The mechanics of the airway wall in vivo probably lie somewhere in between the
two extremes of the model.
3.6 Stresses in Airway Wall
We constructed the model of the three-layer airway mainly to determine the type and
magnitude of stresses on the epithelium within the folds of a constricted airway. As
shown in a previous section, the epithelial cells within the folds were primarily
experiencing a compressive normal stress (i.e., a circumferential stress perpendicular to
their surface). This stress varied along the radius of the airway, but the average
compressive stress (9-*(epi)) was shown to be approximately 1.3 - 1.5 times that exerted
by the smooth muscle (P*) in our representative airways under maximal constriction and
fold development (Fig. 3.10). Therefore, the dimensional compressive stress on the
epithelium within our representative airway models at maximum constriction, assuming
maximum smooth muscle activation of 40 cmH2O (41), would range from:
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ae(epi) = 52 - 60 cmH 20
We did not determine the relationship of the ratio of compressive stress to smooth
muscle pressure as a function of model parameters, but our representative cases provided
reasonable estimates of these ratios. Judging from our representative cases, the
circumferential stresses on the epithelium within the fold are likely to be at least the same
magnitude of the smooth muscle pressure, and possibly not more than twice the
magnitude of the smooth muscle pressure. Therefore, we may estimate the average
compressive stress on the epithelium (aT(max)) within the folds at maximal smooth
muscle activation to be:
Ge(max) = Psm(max) - 2. Psm(max) = 40 cmH 20 - 80 cmH20
Obviously, the actual magnitude of stress experienced in a given airway will vary
depending on the geometry and collapse mode of each individual airway, and the level of
smooth muscle activation. This estimate provides a limit of compressive stress to be used
in our experiments presented in the next chapters, where we study the response of airway
epithelial cell cultures to compressive stress.
The material of the airway wall was modeled as an incompressible, hyperelastic material.
In vivo, the airway wall is not a homogeneous, isotropic, incompressible material, but has
a porous structure where pressure gradients could result in water movement within the
wall compartments or out of the wall entirely. In the finite element analysis, the
compressive stresses on the epithelium were hydrostatic stresses (i.e., the compressive
stresses were uniform across the epithelial layer). Behind the epithelial folds within the
SCL and the lamina propria, the pressure stresses (Fig. 3.11) were considerably higher
than the stresses in the outer region of the wall away from the folds. Therefore, in a real
airway, these pressure gradients could drive the fluid out from behind the epithelial folds
and into the outer lamina propria or into the lumen. The stresses behind the folds would
be born primarily by the matrix rather than the fluid, and there would exist a fluid
pressure gradient across the epithelium within the folds. We do not know the magnitude
of the fluid pressure gradient; knowledge of the tissue permeability and a poroelastic
model would be required to make an estimate. However, the magnitude of this
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transepithelial fluid pressure gradient would be less than the total compressive stress
caused by smooth muscle constriction, and the gradient may result in water being
squeezed out of the epithelial cells, thereby deforming the cells and possibly stimulating
them. The effects of a transepithelial pressure gradient on the gene expression and
protein production of airway epithelial cells in vitro are studied in detail in the next
chapters.
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Figure 3.11: Band plots of pressure within the normal (A) and asthmatic (B) airways at
maximum constriction.
83
84
Chapter 4
Cellular Responses to Mechanical Stresses
4.1 Mechanotransduction Review
It is now well understood that cells respond to mechanical forces in their environment.
Perturbations in their mechanical environment prompt the cells to remodel the
environment in order to maintain tissue homeostasis. In this section, we review the
various stresses present in the human body and how the cells respond to changes in the
stress field.
4.1.1 Stretch
Mechanical stretch of cells is known to have an effect in many cell types. It is unclear
how the cell transduces stretch into a specific response, but it could be by the opening of
ion channels, changes in the cell membrane tension, conformational changes in
membrane proteins, or deforming the cell cytoskeleton. In general, cells may respond to
stretch at least in three different ways: by releasing growth factors that lead to
hypertrophy (increased cell size) or hyperplasia (increased cell number), by modifying
tissue structure via matrix degradation or production, and by directly modifying the tissue
strain (via control of muscle tone). Osteoblasts (bone cells that produce bone matrix)
respond to strains as low as .04% (17); abnormally large amounts of strain stimulate the
osteoblasts to synthesize more matrix but strains that are too low lead to matrix
degradation. Cardiac myocytes (heart muscle cells) respond to increased stretch (due to
increased load on the heart) by hypertrophy (101). Skeletal and smooth muscle cells
respond to stretch also by hypertrophy and hyperplasia. High blood pressure leads to
high strains on endothelial cells, which respond by remodeling the tissue and by releasing
factors that control vessel tone. Cell strain is also known to affect growth and extension
of nerve cells and fibroblasts (138). Mechanical strain is a powerful regulator of tissue
structure; abnormalities in the mechanical load on tissue have direct consequences in
diseases such as osteoporosis, cardiomyopathy, and muscle wasting, with devastating
results.
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4.1.2 Shear stress
Vascular endothelial cells are exposed to shear stress as blood circulates. In the entire
arterial network, flow is laminar and pulsatile, although some turbulent flow might occur
in the larger vessels during exertion. At large vessel branch points the flow may separate
or stagnate, resulting in complicated flow patterns. Because these regions of separation
are associated with atherosclerosis (intimal thickening, plaque development, monocyte
adhesion, etc.), investigators have been interested in the response of endothelium to these
various flow patterns. In response to laminar shear stress above a threshold value,
endothelial cells grown in culture align themselves with the flow (28). Expression of
early genes, growth factors, and adhesion molecules are upregulated by shear stresses in
the physiological range (1 - 50 dynes/cm 2 , 94). Some of these genes have been found to
possess shear stress response element (SSRE) in their promoter sequence (94). Shear
stresses may be transduced by alteration of the spatial patterns on the surface of the cell
membrane, which may deform the cytoskeleton, rearrange membrane signaling
molecules, or activate ion channels, all of which may lead to a cell response (26).
4.1.3 Osmotic stress
Changes in the osmolyte concentration of the medium surrounding the cell produces an
osmotic pressure gradient, which results in water transport into or out of the cell to
equilibrate the osmotic stress. Hypotonic medium leads to cell swelling, hypertonic
medium leads to cell shrinkage; both lead to changes in cell membrane tension and/or
cytoskeletal shape that could in turn mechanically transduce the cell (33). The osmotic
pressure gradient (Afs) produced by an osmolyte concentration difference (AC)
between the cells and the medium may be calculated using the equation:
Aosm = oRTAC
where R is the gas constant (8.314 J/mol K), T is the absolute temperature, and a is the
reflection coefficient of the osmolyte. (T = 1 means the cell is completely impermeable
to the osmolyte, and a = 0 means the osmolyte is not excluded by the cell membrane at
all, but passes through without generating an osmotic stress. For NaCl, Y = 0.6 (34).
The cellular response to osmotic stress has primarily been studied in epithelial cells
involved in transcellular fluid transport, such as the mesangial (kidney), corneal, alveolar,
and airway epithelium, and the vascular endothelial cells. Measuring actual cell volume
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changes with osmotic stress is technically difficult, and results vary widely depending on
the measurement technique and the cell type.
Mesangial cells are particularly robust and are able to tolerate extremes in osmolarity
(23). Hypertonic stresses produced by 200 mOsm NaCl (i.e., Afosm = 309 kPa) induced
rapid (2 hrs) expression of early genes such as early growth response-1 (Egr-1), c-fos,
and heat shock protein HSP70 (23) in MDCK cells (a renal epithelial cell line).
Unfortunately, Cohen et al. (23) did not measure cell volume changes in their
experiments. In another study of kidney epithelium, volume changes due to osmotic
stress in primary cultures of rabbit proximal tubular cells were measured using a
sophisticated automatic cell thickness monitoring technique (89). Hypotonic shock
induced by a 150 mOsm reduction in NaCl concentration (AHosm = 232 kPa) produced a
39% increase in cell layer height within about 60 seconds of application. Because of a
regulatory volume decrease (RVD), after 10 minutes in the hypotonic medium the cell
thickness decreased to 115% of its initial thickness and then remained constant. Raat et
al. (89) then changed the medium from the hypotonic solution ([NaCl] = 150 mOsm) to a
hypertonic solution ([NaCi] = 500 mOsm, for Al 0sm = 540 kPa), which produced a
decrease in cell height to 54% of its original thickness within 2 minutes of medium
change. There was no regulatory volume increase (RVI) after 10 minutes incubation in
hypertonic or isotonic solution.
Cell volume changes due to hypertonic stress were studied in cultured bovine and porcine
corneal epithelial cells by measuring the intensity of light scattered by the cells (35). The
solutions used were only 10% hypertonic with NaCl; for an isotonic solution of
phosphate buffered saline (PBS) (300 mOsm; 36), this corresponded to AHosm = 46 kPa.
The rate of change in cell volume differed between the two cell types studied. The
bovine epithelial cells experienced a 9% decrease in cell volume after only 10 seconds of
perfusion with hypertonic medium. The cells then appeared to undergo an RVI to about
95% of their original volume after 2 minutes. The porcine epithelial cells also
experienced about a 9% reduction in volume, but this occurred slowly during the first 90
sec of hypertonic medium perfusion. After changing the solutions back to isotonic PBS,
the cell volumes returned to their original values in about the same length of time as the
initial volume reduction (10 sec for the bovine cells, 80 sec for the porcine cells).
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All of the above studies demonstrate that osmotic stress is capable of inducing significant
and rapid changes in cell volume, which may mechanically transduce the cells and elicit
changes in cell signaling.
4.1.4 Hydrostatic pressure
Cells in the vasculature experience fluctuations in hydrostatic pressure. Abnormal
amounts of hydrostatic pressure due to hypertension may affect cell behavior.
Hydrostatic pressures may be increased in the culture systems by increasing the total
height of medium above the cells (1), by pressurizing the gas within the culture chamber
(111), or by pressurizing the chamber with an inert gas to maintain 02 and CO2 partial
pressures (45, 60).
Endothelial cells exposed for 7 days to sustained hydrostatic pressures produced by
columns of medium of 1.5 - 15 cmH2 O exhibited changes in their shape, increased
proliferation, and bilayering (1). This growth response was attributed to basic fibroblast
growth factor release by the cells. However, there were small but significant gradients in
the medium columns of 02 and CO2 partial pressures, and possibly of cell nutrients which
might have been responsible for the cell response, rather than mechanical pressure.
Endothelial cells exposed for 9 days to hydrostatic pressures of 80 - 120 mmHg (108 -
162 cmH2O) produced by pressurizing the gas within the culture chamber also
proliferated and were elongated in shape (111). Any changes in medium pH or pCO2
were not attributed to the cellular changes, however, for changing these parameters
independently of hydrostatic pressure did not elicit any change. Sumpio and colleagues
(111) did not analyze the effects of changes of medium P 0 2, which again might have
been responsible for the proliferative response.
The most well-controlled hydrostatic pressure experiments were those in which the gas
pressure in the cell chamber was elevated by an inert gas so that the medium pH, P 0 2,
and pCO 2 remained at their original values (45, 60). Hydrostatic pressures of 80 - 160
mmHg (108 - 217 cmH2O) applied for 8 hours produced cellular proliferation and ET-1
release from human umbilical vein endothelial cells (45). Hydrostatic pressures up to 90
mmHg (122 cmH2O) induced phosphorylation of mitogen-activated protein kinase
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(MAPK) after only 1 minute, and induced c-Fos protein production and cellular
proliferation after 12 - 48 hours of application (60). It appears from all of the above
studies that hydrostatic pressure does indeed affect cell function (at least in vitro), but it is
unclear exactly how hydrostatic pressure mechanically stimulates cells because
hydrostatic pressure is not expected to deform the cell.
4.2 Lung Cell Responses to Mechanical Stress
The effects of mechanical forces on lung tissue have not been extensively studied, in
spite of its mechanically dynamic environment. During normal activity the lung
experiences large changes in volume that may result in large strains of alveolar tissue
(115). Mechanical ventilation may result in abnormally high states of lung inflation,
especially with positive end expiratory pressure, that could lead to baro- (or volumo)-
trauma and tissue remodeling (106). Mesothelial cells, which are located in the thin
region between the lung surface and the pleural space, experience cyclic strains and high
shear stresses during normal breathing (123). And in the case of airway closure and
reopening, the epithelium may experience high strains and shear stresses (39).
Lung volumes may change by almost 400% with a deep breath, and during tidal
breathing the lung volume changes roughly by 30% (125). Because of these large
volume changes, the effects of mechanical strain on lung cells have been the most
extensively studied. It is difficult to assess how much the lung tissue strains with
respiration, as the airways and alveolar tissue may fold rather than expand and contract
uniformly with lung volume. Alveolar surface area as a function of lung volume was
recently measured by Tschumperlin and Margulies (115). The surface area of the
epithelial basement membrane (EBMSA) was shown to increase 5, 16, 12, and 40%
relative to EBMSA at 24% total lung capacity (TLC) at lung volumes of 42, 60, 82, and
100% TLC, respectively. Airway epithelial cells, however, are not expected to strain as
much with respiration, as the basement membrane perimeter was shown to be
approximately constant with lung volume (52).
The effects of mechanical strain on lung tissue have been studied by growing cells on
flexible substrates. Single large stretches (membrane surface area changes up to 52%) of
alveolar type II epithelial cells grown on elastic membranes resulted in Ca 2 mobilization
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and secretion of surfactant (131). The investigators concluded that single large stretches
(such as experienced during a sigh) play an important role in regulating normal lung
function via surfactant secretion. Stretching of alveolar epithelial cells in vitro was
shown to damage the cells if the strains were too high (116). This cell damage was
dependent on cell phenotype. Cell death of 0.5 to 72% occurred in type II alveolar
epithelial cells over the range of surface area strain studied (12 - 50%). Only 0 - 9%
death of alveolar epithelial cells with type I phenotype occurred over the same range of
strain. These results suggest that mechanical ventilation could injure the lung by
producing large strains in the alveolar septae, and vulnerability to injury may depend on
cell phenotype (116).
Injurious ventilatory strategies have been shown to increase inflammatory cytokines in
lung lavage fluid and expression of c-fos mRNA in isolated rat lungs (113). States of
high inflation during artificial ventilation have been shown to induce both tissue damage
and remodeling (106). Two recent studies investigated the initial stages of lung
remodeling by measuring mRNA levels of extracellular matrix (ECM) components and
growth factors that are known to stimulate ECM production. In one study (10), rabbit
lungs subjected to high positive end-expiratory pressure (PEEP) for only four hours had
elevated mRNA levels of the ECM proteins fibronectin, ax,(111) and a 2 (IV) procollagen,
and the pro-fibrotic growth factors basic fibroblast growth factor and transforming
growth factor- 1. In another study, isolated rat lungs subjected to high peak airway or
vascular pressures for four hours also had elevated mRNA levels of interstitial matrix
proteins (86). Both of these studies concluded that pulmonary capillaries were
remodeling in response to injury caused by high stresses, particularly stress due to high
stretch. Because whole lung parenchyma was studied, it was unclear which cell types
were responding to the stress.
There have been a few studies of the effects of mechanical forces on airway epithelial
cells. Mechanically perturbing a single epithelial cell in rabbit tracheal explants induced
elevations in intracellular Ca 2* concentrations which then increased in the surrounding
cells (32). Transient or sustained stretches of airway epithelial cells grown on flexible
substrates lead to increased concentrations of inositol 1,4,5-trisphosphate (IP 3 ), which
mediates intracellular Ca 2+ signaling (31). Therefore, mechanically perturbing airway
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epithelial cells induces intercellular communication via a Ca" wave, which, the authors
postulated, acts to coordinate ciliary beating in the trachea in an effort to propel particles
out of the lung. Cyclic strain of cultured airway epithelial cells has also been
investigated. "Wounds" induced in airway epithelial cells grown on flexible substrates
were not repaired in the cultures that were cyclically strained with a short relaxation time
(TR = 1 sec) between stretches (103). However, wounds were readily repaired in strained
cultures with a longer relaxation time (TR = 5 sec) between stretches. These results
suggested that rapid and overdistending mechanical ventilatory practices might inhibit the
ability of the airway to repair itself. Cyclic stretch of cultured airway epithelium has also
been shown to inhibit prostanoid synthesis, which contributes to regulation of airway
smooth muscle tone and inflammatory responses (104). All of the studies cited above
demonstrate that airway epithelial cells are responsive to mechanical forces.
To date, little is known about gene expression in airway epithelial cells as a result of
mechanical stresses. We are interested in the response of airway epithelial cells to the
compressive stresses present during smooth muscle constriction in asthma. We are
particularly interested in the expression of genes known to be mechanically transduced in
other systems, that are likely to be involved in tissue remodeling, and that might be
associated with fibrosis in asthma.
4.3 Candidate Genes
4.3.1 Early growth response-1 (Egr-1)
Egr-1 is an immediate early gene and zinc-finger transcription factor. It has been shown
to play a role in cell proliferation (46), has been detected at sites of vascular injury (61),
and is upregulated by increased cardiac ventricular loads (pressures) in cat heart muscle
(100). Upregulation of Egr-1 transcription has been shown to be caused by shear stress
(105) and osmotic stress (23). This gene is extremely sensitive to mechanical
stimulation; simply picking up a culture plate may activate transcription of Egr-1 (83).
Egr-1 is an early response gene; mRNA levels peak after 30 - 60 min after the start of
mechanical or chemical stimulation and rapidly return to baseline levels (105).
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Egr-1 also activates transcription of platelet-derived growth factor (PDGF) (61, 62)
which stimulates fibroblast proliferation and collagen production (90). Other genes such
as TGF-P, and Egr-1 itself also have nucleotide recognition sites for Egr-1. Therefore,
we would expect that Egr- 1 would play a role in regulating tissue fibrosis.
4.3.2 Endothelin-1 (ET-1)
Transcriptional regulation of ET-1 by mechanical forces appears to be highly dependent
on type and magnitude of stress. Uniaxial stretch of 20% at 20 cycles/min of bovine
aortic endothelium had no effect on expression of ET-l mRNA (75). Human umbilical
vein endothelial cells strained at 60 cycles/min, however, experienced a doubling of ET-1
mRNA expression that returned to baseline after 2 hours of stretch (122). (The
magnitude of strain in ref. 122 was not stated.) Physiologic levels of fluid shear stress on
vascular endothelial cells caused rapid (1hr) and sustained downregulation of ET-1
mRNA in a dose-dependent manner, with maximum decrease at 15-20 dynes/cm 2 (75).
Pulsatile and turbulent shear stresses elicited the same mRNA decrease, but low
frequency reversing shear stress in the same culture system did not decrease ET-l
mRNA. An earlier study (140) showed rapid (2 hr) upregulation of ET-1 mRNA by
shear stress, but then a sustained downregulation. All of these studies demonstrated that
endothelial cells are capable of regulating their mechanical environment by controlling
vascular tone. Decreasing the amount of ET- 1 in the system would result in a decrease of
vascular tone and subsequent modification of the shear stress or stretch environment.
ET-1 is a potent airway contractile agonist and also promotes collagen synthesis by
fibroblasts (7). Thus, it may play a doubly detrimental role in asthma by prolonging
smooth muscle constriction and by increasing airway hyperresponsiveness by inducing
remodeling. Direct application of ET-1 on cultures of human bronchial epithelial cells
caused increased expression of fibronectin mRNA, a component of the ECM which is
deposited in excess in the SCL of asthmatics (77). ET-1 protein was also present in the
macrophages and conducting airway and alveolar epithelial cells in rat lungs where
fibrosis was induced by bleomycin (82). ET-1 mRNA (2) and immunoreactivity (108,
92) in epithelial cells from asthmatic bronchial biopsies was significantly elevated above
normals. Treatment with corticosteroids tended to decrease the amount of ET-1 in
asthmatic patients (2, 92).
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4.3.3 Transforming growth factor-6, (TGF-P1)
TGF-P1 mRNA has been shown to be upregulated by cyclic stretching of rat mesangial
cells in culture (44, 95, 139). 8% average strains cycled at only 3/min (10 sec on, 10 sec
off) for 36 hours resulted in a two-fold increase in TGF- 1 mRNA (95). More rapid
cycling (2 sec on, 2 sec off) of 9-12% strains upregulated TGF-i mRNA 1.5-fold after
48 hours (139). Much more rapid (4 hr) upregulation of TGF- 1 mRNA was observed in
vivo in rabbit lungs ventilated with high positive end expiratory pressure (10).
Presumably, this increase in expression was due to mechanical distention of the walls of
the pulmonary capillaries. Shear stress on osteoblast-like cells (bone cells) in culture
produced a 3-fold increase in TGF-S1 mRNA after only three hours (102). Shear stress
on vascular endothelial cells in intact arteries had no effect on TGF- 1 expression (117),
but shear stresses of 20 dynes/cm 2 in cultured endothelial upregulated TGF-P1 expression
(84). From these studies it may be concluded that TGF-P1 gene expression is regulated
by mechanical stresses, but its regulation is sensitive to both the cell type and the form of
the mechanical stress.
The role of TGF- 1 in controlling extracellular matrix deposition is extensive; it has been
described as the "master switch" for the fibrotic program in the lung (11). It stimulates
fibronectin production in bovine bronchial epithelium (99) and it stimulates fibronectin
and collagen gene expression in fibroblasts (90). Several cell types may be a source of
TGF-31 , including epithelial cells, eosinophils, mast cells, macrophages and T cells (71).
It is difficult, however, to determine if TGF- 1 is elevated in asthmatic lungs and if so,
which cell type(s) might be producing it. One study found no difference in TGF-31 -
mRNA levels between asthmatics, patients with chronic obstructive pulmonary disease
(COPD), and unobstructed patients (4). However, all nonasthmatics in this study were
smokers, which might have confounded the results.
TGF- 1 is alternatively compartmentalized in asthmatic airways. Inflammatory cells
such as eosinophils and monocytes that have infiltrated the airway wall found to be were
the major source of TGF-51 mRNA and immunoreactivity in two studies (74, 78), with
epithelial cells staining only slightly above normal. The number of epithelial or
submucosal cells expressing TGF-P1 in both asthma and chronic bronchitis was shown to
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correlate with the thickness of the reticular layer and fibroblast number; fibroblasts and
eosinophils stained the most for TGF- 1 (119). All of the above mentioned studies
investigated basal levels of mRNA or protein in biopsies and did not investigate what
happened immediately after antigen challenge. To examine transient changes in TGF-P,
one study looked at TGF-3 protein levels in bronchoalveolar lavage (BAL) fluid after
segmental challenge with allergen (93). Ten minutes post-challenge, TGF-P,
concentrations were the same, but 24 hours post-challenge, TGF-3 protein levels were
significantly higher in the allergen-challenged sites. This group did not find any
correlations between cell number and TGF-P1 of any cell types in the BAL, and they did
not examine TGF-P, mRNA. However, this delayed release suggests that the TGF-3
released into BAL might be newly synthesized and transcriptionally regulated.
4.4 Epithelial Cell Experiments
In the previous chapters, we demonstrated that airway epithelial cells within the folds of a
buckled airway experience compressive normal stresses during smooth muscle
constriction. The magnitude of these stresses was approximately one to two times that
produced by smooth muscle, or 40 - 80 cmH20 (41). Cells exposed to abnormal
mechanical stresses respond to the stresses by remodeling their environment, usually in
an effort to bring the stress field back to normal. We investigated the hypothesis that
airway epithelial cells experience mechanical stresses during smooth muscle constriction,
and in response to these stresses they signal for airway remodeling (Fig 4.1). We were
particularly interested in expression of genes known to be mechanically transduced in
other cell systems that also played a role in tissue fibrosis, such as Egr- 1, ET- 1, and TGF-
. Therefore, we designed experiments in which compressive stresses were applied to
cultures of airway epithelium, and changes in gene expression, protein production, and
cell morphology were evaluated.
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Constriction places mechanical
stresses on epithelial cells
Epithelial cells respond to mechanical stresses
by signaling for remodeling. Signals that may
act on fibroblasts or epithelial cells and induce
remodeling are Egr-1, ET-1, and TGF-3.
Airway wall is remodeled, which in
turn affects airway constriction.
Figure 4.1: Hypothesis that mechanical stresses placed on airway epithelial cells during smooth
muscle constriction cause the epithelium to signal for airway wall remodeling.
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Chapter 5
Experimental Protocols
5.1 Motivation
In chapter 3, we showed that the epithelial cells within the folds of a constricted airway
experience very high compressive stresses of around 40 - 80 cmH2O, and transcellular
fluid pressure differences as the water shifts within the airway wall from regions of high
to low pressure. To study the cellular response to these mechanical stresses, we designed
experiments in which compressive stresses and transepithelial pressure differences were
applied to cultures of airway epithelial cells.
The culture system selected was the Transwell-COL insert (Corning Costar, Cambridge,
MA). The insert consisted of a porous membrane supported within a six well plate. This
system allowed for culturing the cells in an air-liquid interface environment, which
facilitated differentiation into an airway epithelial phenotype (Fig. 5.1). This dual
chamber system also allowed for application of a compressive stress (in the form of an
elevated air pressure) on the apical surface of the cell layer (Fig. 5.2b). The basal surface
of the epithelial cells, the culture medium in the six-well plate, and the medium in the
pores of the culture membrane were exposed to atmospheric pressure. Therefore, the
epithelial cells in vitro were exposed to a compressive stress and a transcellular fluid
pressure difference, much like the stresses demonstrated to be present in the folds of a
constricted airway.
We explored the response of the airway epithelial cells to the mechanical stresses by
determining changes in gene expression and protein production. The genes selected for
study are believed to be important in asthmatic airway remodeling: Egr-1, ET-1, and
TGF-P3. Increases in expression of these genes in the airway epithelial cell cultures
exposed to transcellular pressures would indicate that epithelial cells in vivo may respond
to mechanical stresses in a constricted airway by signaling for tissue remodeling.
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5.2 Culture of Rat Tracheal Epithelial (RTE) Cells
5.2.1 Materials
Dulbecco's Modified Eagle's Medium/ Ham's F12 (DMEM/F12) and penicillin-
streptomycin were obtained from Gibco BRL (Grand Island, New York). Transferrin and
epidermal growth factor (EGF) were from Collaborative Research (Bedford, MA.)
Bovine pituitaries were purchased from Pel Freeze (Rogers, AR.) All other culture media
additives were obtained from Sigma Chemical Co. (St. Louis, MO). Cells were grown on
Transwell-COL tissue culture inserts (0.4 pm pore size, 24 mm diameter). The base of
the culture insert consisted of a porous membrane made of polytetrafluoroethylene coated
with types I and III collagen. The Transwell insert rested inside of a six-well plate,
producing a two-layer culture chamber.
5.2.2 Cell culture procedure
RTE cells were cultured following the procedure of Kaartinen et al. (59) with slight
modification. Complete culture medium (CM) was composed of: DMEM/F12
supplemented with penicillin-streptomycin (100U/ml-100pg/ml), gentamicin (50 gg/ml),
hepes (30 mM), insulin (10 gg/ml), hydrocortisone (0.1 gg/ml), cholera toxin (0.1
gg/ml), transferrin (5 gg/ml), phosphoethanolamine (10 piM), ethanolamine (80 gM),
EGF (25 ng/ml), retinoic acid (5x10-8 M), bovine serum albumin (BSA; 0.5 mg/ml) and
bovine pituitary extract (1%). Penicillin-streptomycin and gentamicin are antibiotics.
Insulin is a growth factor that also aids in cell metabolism. Transferrin is required for
iron uptake. Hepes is a buffer that maintains cellular pH. Phosphoethanolamine,
ethanolamine, and bovine serum albumin are nutrients. Hydrocortisone, cholera toxin,
EGF, and bovine pituitary extract are growth factors or hormones which aid in cell
growth. Lastly, retinoic acid assists in cellular differentiation into an epithelial-like
culture.
Male Fisher 344 rats, 300-500 g body weight, were euthanized by CO, asphyxiation.
Tracheas were sterilely excised, filled with a 1% protease solution (No. P-88 11, Sigma)
in DMEM/F12, and kept overnight at 4'C. Two hours prior to plating, the culture wells
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were preconditoned with high protein medium supplemented with 10% FBS. Cells were
flushed out of the tracheas with DMEM/F12 containing 5% heat-inactivated FBS through
a 70 gm nylon mesh (Falcon) and collected by centrifugation (500 x g, 10 min, 40C).
Cells were resuspended in high protein medium (CM with 3 mg/ml BSA) and counted
using a hemacytometer in 2% trypan blue solution. Then the cells were seeded on the top
surface of the culture inserts at a density of approximately 5 x 104 cells/cm 2. Cultures
were incubated in a humid environment at 350C with 3% CO, in air.
After 24 hours, medium was changed to CM without serum. Medium was changed every
other day until day 5, after which it was changed daily to prevent acidification of the
medium. After the cells were confluent (usually on day 7 or 8), the medium on the apical
surface was removed and 2.5 ml CM was added to the bottom compartment only to
produce an air-liquid interface at the cell surface. The confluent cell layer prevented
seepage of the medium into the apical chamber, and the cells fed basally only through the
culture membrane. The presence of the air-liquid interface polarizes the cell layer and
drives the cells to differentiate into a pseudo-stratified, columnar epithelium much like
that present in vivo. (See Fig. 5.1 for a schematic of the interface culture system). The
air-liquid interface culture was maintained for another 7 days; experiments and
interventions were conducted on day 14.
Transwell
support KA
incubator air
cells
culture membrane
medium (in six-well plate)
Figure 5.1: Schematic of air-liquid interface culture of rat tracheal epithelial cells on
Transwell-COLs. Not to scale.
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5.3 Transmembrane Pressure Experiments
Approximately 12 hours before the start of the experiment the medium was changed to
minimal medium (DMEM/F12 plus antibiotics only) and the culture wells were prepared
for pressure application in the incubator. Stoppers (No. 5 1/2) fitted with connectors
were tightly placed in the culture wells, and the wells were supported by a modified keck
clip to prevent contact with the six-well plate below due to a slight strain of the culture
membrane. Negative control culture wells were handled in the same manner and inserted
in the apparatus but were not pressurized. (A schematic of the apparatus is shown in Fig.
5.2a). In some experiments, 100 nM PMA was added as a positive control to
biochemically upregulate gene expression. To apply pressure, a large tank filled with
incubator air was pressurized to the desired level using a sphygmomanometer bulb (Fig.
5.2b). At the start of the experiment, the valve from the tank to the cells was opened, and
pressure over the cells was raised (P1). This apparatus applied pressure only to the apical
surface of the cells; the basal surface of the culture membrane and the culture medium
were exposed to atmospheric pressure only (P2 = atmospheric pressure). Thus, the cells
were subjected to a transmembrane pressure (P, > P2)-
The pressures (PI) we selected to study were 2, 5, 10, and 20 cmH2O, which were
somewhat less than the compressive stress calculated from the finite element model (40 -
80 cmH2O). We were unable to apply pressures higher than 20 cmH2 O due to limitations
in the strength of the culture membrane (the membrane tore with pressures around 25 -
30 cmH2O). Samples were collected after zero, one, and six hours. Cells harvested at the
zero timepoint were not inserted in the apparatus and were minimally handled to examine
the effects of manipulation on cell stimulation. At the appropriate time, cells were lysed
for RNA extraction and media samples were collected for analysis of cell viability.
Culture wells used for morphometric analysis were transferred to the fixative (4%
paraformaldehyde or 2% glutaraldehyde in PBS) while they were still under pressure, and
kept in fixative under pressure for one hour.
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(A)
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(B)
Figure 5.2: (A) Schematic of pressure apparatus. (B) Schematic of one Transwell with trans-
membrane pressure application.
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5.4 Mechanism Experiments
We attempted to determine the transduction mechanism of transmembrane pressure
application by modifying the experimental system. This section outlines the methods of
the different mechanism experiments; validity and results of these methods are discussed
in later chapters.
5.4.1 Hydrostatic pressure
To explore the effects of elevated hydrostatic pressure on the cells, (i.e., Pi = P2 with both
greater than atmospheric pressure) the culture plates were placed in a plexiglas box which
was sealed and pressure in the box was raised to the desired level. Cells in the box
experienced elevated pressure on both the apical and culture membrane surfaces. There
was no strain of the culture membrane, and the pressures were equal on all surfaces of the
culture; thus the cells in this experiment were subjected to hydrostatic pressure only. We
evaluated expression of Egr-1 mRNA after 1 hour of 10 cmH 2O hydrostatic or
transmembrane pressure application.
5.4.2 Culture membrane strain
To determine the amount of membrane strain that occurred due to transmembrane
pressure we obtained a digital image (Pulnix, Sunnyvale, CA) of the pressurized culture
well and measured the maximum deflection at the membrane center using image analysis
software (NIH Image v. 1.60, Bethesda, MD). Average membrane strain was calculated
according to the analysis of Williams et al.
To explore the effects of transmembrane pressure without the associated strain of the
culture membrane, we placed a stiff plastic screen in the bottom of the culture dish and
held the culture membrane flush against the screen. The screen was flat with 800 tm
diameter pores, which exposed the cells to the medium while minimizing strain of the
culture membrane when pressure was raised. We subjected the cells to 10 cmH20
transmembrane pressure with and without culture membrane strain.
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5.4.3 Cell volume change
We wished to see if transmembrane pressure would squeeze liquid out of the cell layer,
producing a change in cell height sufficient to transduce a signal. We examined tissue
cross sections of cells that were exposed to 10 or 20 cmH2 O transmembrane pressure for
0, 1, or 6 hours and fixed while still under pressure. (See later section on histology for
details of specimen preparation). The sections examined were stained with touidine (?)
blue so the edges were sharply defined in the digital images. Along the entire radius of
the culture well, we digitally measured (NIH Image) the cell layer height at regularly
spaced, frequent intervals, and statistically determined any difference among the groups.
5.4.4 Membrane structure
The effect of culture membrane structure on mechanotransduction was evaluated by
altering the culture substrate structure. The membrane used in the previous experiments
(Transwell-COL) had 0.4 jim diameter pores in a collagen-coated membrane of
approximately 75% porosity (abbreviated 0.4-COL). Another Transwell-COL had 3.0
gm diameter pores and approximately 90% porosity (3.0-COL). The final membrane
used was a Transwell-Clear membrane, which had 0.4 jim diameter pores but was a
nucleopore membrane (i.e., the pores were produced by bombarding a sheet of plastic
with electrons). These membranes had no collagen coating and only 13% porosity
(abbreviated 0.4-Clear). RTE cells grown on these different membrane substrates were
subjected to transmembrane pressures of various magnitudes for one hour, and the dose-
response curve for Egr-1 mRNA expression was evaluated for each membrane type.
Subsequent shifts in the dose-response curves would suggest that membrane structure
was important in mechanotransdution by transmembrane pressure.
5.5 Analysis Methods
5.5.1 Determination of cell viability
Cell viability was evaluated by the amount of lactate dehydrogenase (LDH) in the
medium using a commercially available kit (Sigma). (LDH is an enzyme released by
cells only when the cell membrane is no longer intact; 69). The kit directions were
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modified to accommodate the high concentration of cells in our cultures. Experimental
LDH levels were normalized to LDH levels of completely lysed cells. To lyse the cells,
dilute lysis buffer (1:10 in DMEM/F12) was placed on the cells for 45 minutes, then
collected. Detached cells were removed from media samples by centrifugation (500 X g,
5 min) and 100 gl of each sample was placed in a 96 well plate. An equal volume of
assay mix was added and the plate was incubated in the dark for 25 minutes. The
reaction was halted by adding a 1 / 10 th volume of IN HCl, and absorbances at 490 nm
(LDH) and 650 nm (background) were read in a spectrophotometer. The net absorbance
(490 nm - 650 nm - absorbance of the blank) was divided by the volume fraction of the
medium from the culture well used in the assay to give the appropriate LDH level for
evaluation. LDH levels in the lysed cell medium were too high for the
spectrophotometer, so a dilution curve (1:600 to 1:2) was used to calculate the
appropriate normalization concentration. Thus, to calculate the percentage of cell death
in a particular culture well, the LDH level was divided by the LDH level calculated from
the dilution curve of the lysed cell medium.
5.5.2 RNA isolation and Northern hybridization
Total cellular RNA was isolated using commercially available kits (RNeasy, QIAGEN
Inc., Valencia, CA) from the lysis buffer. After concentrating the RNA and determining
its purity and concentration, 15 gg total RNA was fractionated using 1.2% agarose/6%
formaldehyde gels. RNA was transferred overnight by capillary action onto nylon
membranes (Stratagene, La Jolla, CA) and immobilized with UV radiation. Northern
blot hybridization was performed with a random-primer 2P-labeled 3-kb EcoRI cDNA
fragment of mouse Egr-1 (kind gift of Dr. V. Sitakme, Beth Israel/Deaconess Medical
Center, Boston, MA), 600 bp EcoRI cDNA fragment of rat ET-1, 1kb Xba I/Hind III
cDNA fragment of rat TGF-, (ET-1 and TGF-31 kind gifts of Dr. M.-A. Lee, Brigham
and Women's Hospital, Boston, MA), and a 1.1kb cDNA fragment of human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from Clontech (Palo Alto, CA).
Probe labeling was done using a commercially available kit (Stragatene PrimeIT) and the
appropriate amount of incorporated radioactivity was added to prewarmed hybridization
buffer (ExpressHyb, Clontech) for a concentration of 2*106 cpm/ml. Membranes were
prehybridized for 30 min at 68'C, then probed simultaneously for Egr- 1 and GAPDH or
ET- 1 and GAPDH for 1 hr at 68'C. Membranes were washed at room temperature for 40
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minutes using a solution of 2 X SSC (20 X SSC: 3M NaCl, 0.3M Citric Acid) and 0.05%
SDS (sodium dodecyl sulfate), and then washed at 50'C for 40 minutes using 0.1 X SSC,
0.1% SDS solution. Membranes were sealed in plastic and exposed to X-ray film for 1-3
days at -80C using intensifying screens. Membranes probed with ET-1 and GAPDH
were boiled in 0.5% SDS for 10 minutes and then re-probed for TGF-3 following the
same procedure. Autoradiograms were quantitatively analyzed by scanning densitometry
and image analysis (Optimas, v 5.2, Bothell, WA.) Egr-1, ET-1, and TGF-i signals
were normalized to the corresponding GAPDH signal to correct for variations in loading
and transfer. GAPDH was chosen because it has been shown not to be strongly regulated
by other mechanical stimuli such as shear stress (76) or stretch (5).
5.5.3 Immunohistochemistry
Culture wells subjected to 10 or 20 cmH2O pressure for one or six hours were fixed in 4%
paraformaldehyde in PBS for 10 minutes, permeabilized with 0.3% Triton (Sigma) for 5
minutes, and blocked with 10% goat serum. Cells were then incubated with rabbit anti-
human EGR- 1 antibody (1:100 dilution, Santa Cruz Biotechnologies, Santa Cruz, CA)
overnight at 40C. After washing, cells were incubated with biotinylated goat anti-rabbit
antibody (1:200 dilution, Dako, Carpenteria, CA) for 1 hour at room temperature. Then
the cells were rinsed, incubated with streptavidin fluorescein (1:750 dilution, NEN,
Boston, MA), washed, mounted, and examined by fluorescence microscopy. Dr. Melody
Swartz conducted much of this procedure, and the author is grateful for her assistance.
5.5.4 Histology
Tissue samples used for light microscopy were fixed while under pressure and embedded
in methacrylate for sectioning (kit from Energy Beam Sciences, Agawam, MA). Fixed
culture wells were washed with PBS, dehydrated in gradations of ethanol, and infiltrated
overnight at room temperature on a shaker plate. The next day, infiltrating solution was
removed and the whole Transwell was immersed in embedding media within a rubber
mold. The embedding medium was polymerized under nitrogen for 1 hr - overnight.
After the methacrylate was hardened, the embedded Transwell was removed from the
rubber mold, and the plastic portion of the Transwell was broken away from the culture
membrane, leaving only the tissue and culture membrane embedded in a disk of
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methacrylate. The tissue sample was cut into pieces that were placed on edge in a plastic
mold and then re-embedded in methacrylate following the same procedure. This double-
embedding procedure allowed thin sections of the cell culture to be cut in cross section
for evaluation.
General morphology of the cell layers was evaluated by staining the tissues with
hematoxylin and periodic-acid Schiff's reagent following the protocol in the kit (Sigma).
Periodic acid-Schiff's stain was used to detect mucopolysaccharides, while hematoxylin
was used to counterstain cell nuclei. Morphometric analysis was performed on cell layers
stained with toluidine blue. The thicknesses of the cell layers at the various
transmembrane pressures and timepoints were determined by digital image analysis (NIH
Image).
Transmission electron microscopy (TEM) images of RTE cross sections were produced
by Dr. R. Rogers (Harvard School of Public Health, Boston, MA). Scanning electron
microscopy (SEM) of Transwell-COL membranes was performed by Dr. D.
Tschumperlein (Harvard School of Public Health, Boston, MA). The author is grateful
for their assistance.
5.5.5 Statistics
Data are expressed as the mean ± SEM unless indicated otherwise. Data were compared
using an unpaired Student's t-test or a one-way analysis of variance combined with
Scheffe's test. P values < 0.05 were considered significant.
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Chapter 6
Results and Discussion of Transmembrane Pressure Experiments
In this chapter, the results of the transmembrane pressure experiments will be presented
and discussed in the context of asthmatic airway wall remodeling. General morphology
of our RTE cultures is also presented. Experiments to elucidate the transduction
mechanism will be presented and discussed in the next chapter.
6.1 Results
6.1.1 Cell morphology
Fig. 6.1 shows a hematoxylin and periodic acid-Schiff's stained section of a rat tracheal
epithelial cell culture at 14 days. The average thickness of the cell layer was about 15 -
16 gim, but varied between 10 and 20 gm, depending on the location within the well.
Beneath the cell layer is the culture membrane. Histological processing has shrunk the
membrane structure; while wet, the membrane is around 50 gm in thickness. Columnar
cells and basal cells form a pseudo-stratified layer; in some regions of the culture dish,
the cells have formed multiple layers. The cell layer is less well developed toward the
edge of the culture membrane, as this is the last region to reach confluency. The nuclei
(stained purple) are large and take up much of the cell volume. The dark pink granules
near the apical surface of the cells likely contain mucus which is to be secreted. There are
a few ciliated cells scattered throughout the culture well, although none are visible in
these micrographs. To achieve a highly ciliated culture, the extracellular matrix and
growth factor environment would have to be modified, and the culture would have to be
maintained longer than 14 days (59). For simplicity and to avoid complications that arose
from modification of the ECM and growth factor environment, we chose not to produce a
ciliated culture.
Fig. 6.2 is a transmission electron micrograph of the cell layer. The small extensions on
the apical surface are microvilli. There appear to be two regions of the cell culture; the
apical layer of cells formed tight junctions, and the basal layer appears to have
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Figure 6.1: Hematoxylin-periodic acid Schiff's stained tissue cross section of rat tracheal
epithelial cells. The nuclei are stained purple, the dark pink granules near the apical surface
are likely mucus-containing secretory granules. The culture membrane has shrunk from its
original 50 pm thickness due to histological processing. The average cell layer thickness
was 15 - 16 ptm.
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Figure 6.2: Transmission electron micrograph of RTE cells. Apical surface contains
microvilli. Tight junctions formed at the apical surface, but basal cells are surrounded
by intercellular edema and connected by adherens junctions. The culture membrane
was destroyed during processing.
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intercellular edema (the open spaces between cells) bridged by interdigitating adherens
junctions. These open spaces might be an artifact of preparation (25) or due to an aborted
process of gland neogenesis (91). This ultrastructure of a 2-week old RTE culture was
very similar to that of an RTE culture grown on a Transwell-Clear (polycarbonate
membrane) shown in ref. 21. The structure of our culture membrane was lost during
TEM processing due to poor infiltration of the embedding epoxy.
6.1.2 LDH assay
LDH levels at all timepoints and all pressures (except after six hours of 20 cmH 20
pressure application) indicated that less than 2% of the cells had died. At six hours and
20 cmH2 O pressure, LDH levels indicated 16 ±5% (mean ± SD, n=47) cell death.
6.1.3 Northern hybridization
Fig. 6.3 shows representative Northern blots of RNA collected from RTE cells subjected
to 20 cmH20 pressure for zero, one, and six hours. Egr-1 hybridization signals were
easily apparent after one hour of stimulation, and returned to baseline control levels after
six hours of steady pressure stimulation. ET-1 hybridization signals were elevated after
both one hour and six hours of stimulation. TGF-pi hybridization signals were elevated
after six hours of stimulation.
A representative Northern blot for Egr-1 mRNA levels after 1 hour of 0, 2, 5, 10, or 20
cmH2O pressure stimulation, where all the mRNA samples were from the same cell
culture, is shown in Fig. 6.4. Notice that there was no upregulation with 0 or 2 cmH20
pressure, thus we were below the threshold for stimulation of Egr- 1. Densitometric data
are also presented.
A summary of densitometric data from the Northern analysis is given in Fig.6.5. After
one hour of steady pressure stimulation, Egr-1 mRNA levels were elevated above control
levels: 18.5 ± 4.7 (n = 9, P < 0.0001) fold with 20 cmH20 pressure, 6.8 ± 1.2 (n = 8, P <
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Figure 6.3: Representative Northern autoradiographs of our three candidate genes and the
housekeeping gene, GAPDH.
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Figure 6.4: Expression of Egr-1 mRNA after 1 hour of 0, 2, 5, 10, or 20 cmH20
transmembrane pressure. Densitometric data presented in graph below. -
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Figure 6.5: Densitometric analysis of Egr- 1, ET-1, and TGF-bl at 20 cmH20 pressure (A),
10 cmH20 pressure (B), 5 cmH20 (C), and 2 cmH20 (D). Values are normalized to control
levels. Note different scales of the y-axes. Marked bars are significantly greater than control:
**P < 0.0001, <000 P < 0.01.
115
0.0001) fold with 10 cmH20 pressure, and 3.4 ± 0.6 (n = 6, P < 0.001) fold with 5 cmH20
pressure. In all experiments, Egr-l expression returned to baseline levels after six hours
of stimulation. Pressures of 2 cmH20 did not significantly stimulate Egr-1 expression.
ET-1 mRNA levels were elevated above control only in the 20 cmH2 O experiments, in
which ET-1 levels were 4.1 ± 0.7 (n = 5, P < 0.01) fold over control levels after one hour,
and 4.7 ± 1.0 (n = 5, P < 0.01) fold over control levels after six hours. TGF-i mRNA
expression was increased over control by a factor of 4.6 ± 0.7 (n = 7, P < 0.0001) and 2.2
+ 0.2 (n = 5, P < 0.0001) after six hours of 20 cmH20 and 10 cmH20 pressure
stimulation, respectively. 5 cmH 20 and 2 cmH 20 pressure failed to significantly induce
TGF-3 expression.
Transmembrane pressure application in the presence of complete medium rather than
minimal medium failed to upregulate gene expression at any magnitude (data not shown).
Therefore, there might be a substance in the complete growth medium that suppresses
mechanotransduction, or that elevates the baseline gene expression enough that further
elevation by pressure cannot be achieved with our levels of stimulation.
6.1.4 Immunohistochemistry
Increased levels of Egr-1 protein were detected in cells subjected to six hours of 10
cmH2O (Fig. 6.6a) and 20 cmH2 O (Fig. 6.6c) pressure stimulation. There was no
detectable immunofluorescence above background in control cells (Fig. 6.6d) or in cells
subjected to one hour of pressure stimulation (Fig. 6.6b). Figures 6.6a and 6.6b looked
slightly different from Figures 6.6c and 6.6d because photographs were taken using two
different camera systems.
6.2 Discussion
Cells in mechanically dynamic environments such as endothelial cells (94), bone cells
(107), and fibroblasts (40) are known to remodel themselves and the surrounding tissue if
the mechanical environment deviates from normal. Here we presented evidence that
mechanical forces equivalent to those resulting from bronchoconstriction can transduce
signals in airway epithelial cells. In response to compressive stresses, which we believe
mimic those exerted on epithelial cells in the
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(C) (D)
Figure 6.6: Fluorescent immunohistochemistry for Egr-l protein. (A) 10 cmH20 pressure
applied for 6 hours. (B) 10 cmH20 pressure applied for 1 hour. (C) 20 cmH20 pressure applied
for 6 hours. (D) Control.
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folds of a highly constricted airway, rat tracheal epithelial cells differentially up-regulated
mRNA encoding expression of Egr-1, ET-1, and TGF-, in a magnitude- and time-
dependent manner. In the case of Egr-1, we also demonstrated by immunohistochemistry
that elevated mRNA levels are accompanied by elevated Egr- 1 protein levels.
6.2.1 Comparison with pulmonary physiology
The compressive stresses we applied to our cultures were estimated to be in the
physiological range of those generated by smooth muscle, but were considerably less
than the maximum stresses estimated from our model calculations. Canine airway
smooth muscle in small bronchi has been shown to generate intra-luminal pressures up to
40 cmH9 O with acetylcholine stimulation (41). We estimated the magnitude of
compressive stress on the epithelium within the folds of the airway to be at least 40
cmH 2O from our finite element model of the airway wall.
In the absence of smooth muscle constriction, the airway is unbuckled and the epithelium
only experiences those stresses associated with airway wall strain and variations in air
pressure. Wall strain is difficult to estimate, but it has been found that the circumference
of the supporting basement membrane changes little during changes in airway caliber
(52). Variations in air pressure in the airways amount to only about 1 cmH2O pressure
with quiet breathing (125). Thus, compressive stresses acting on the epithelium in an
unconstricted airway during normal breathing are likely to be below those in a constricted
airway and below those that resulted in signal transduction in our experiments. During
positive pressure ventilation, however, airway pressures reach levels in excess of 35
cmH2 O. This has led others to suggest that mechanical ventilation may lead to trauma
and remodeling of the lung parenchyma (38, 10), though the cause may be either high
alveolar distension (38), high pulmonary capillary pressures (10), or high oscillatory
airway pressures.
We chose not to study pressures higher than 20 cmH2 O because of limitations in the
strength of the culture membrane and because of the decrease in cell viability present at
20 cmH20. The cause of this cell death is unknown. Vital staining of the culture wells
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after six hours of 20 cmH 2O transmembrane pressure showed predominantly live cells
with small clusters of dead cells scattered throughout the culture well (data not shown).
Gene transcription is not viewed to be dependent on cell death, however, since mRNA
regulation was observed at pressures where cell death was undetectable, and at the early
timepoint in the high pressure experiments. Because we were already seeing cell death in
vitro at pressures much lower than those predicted by our finite element model in vivo, it
is possible that any epithelial cell death and cell sloughing observed in asthma might be
due to the mechanical stresses in the constricted airway.
Bronchoconstriction in asthma may occur rapidly after exposure to antigen, or may occur
several hours after antigen exposure and last several hours to several days (124). Thus,
epithelial cells in a constricted airway may be exposed to mechanical stresses for much
longer periods than 6 hours, which was the maximum exposure time in our experiments.
Our results show that epithelial cells respond rapidly to mechanical stresses, and suggest
that repeated bouts of bronchoconstriction, even for relatively short times, may indeed
result in accumulation of extracellular matrix in the airway wall.
6.2.2 Candidate genes and tissue remodeling
This study focused on genes thought to influence the asthmatic airway. Egr-l is an
immediate early gene that is upregulated by mechanical forces. It is known to activate
transcription of PDGF, which stimulates fibroblast proliferation and collagen production,
and other genes such as TGF-P1 and Egr-l itself also have nucleotide recognition sites for
Egr-1 (61). Egr-1 is known to be sensitive to mechanical stimulation (83); our
experiments showed that Egr-1 was particularly sensitive to the magnitude of normal
stress and was upregulated with as little as 5 cmH20 pressure. The lack of upregulation
at 2 cmH2O indicates that the manipulations required to apply the steady pressure did not
initiate mechanotransduction. The timecourse for transcription was similar to that in
endothelial cells subjected to shear stress, with early (30 min- 1 hr) enhanced transcription
with a decrease to baseline by 6 hours (105).
ET- 1 is a potent airway contractile agonist and promotes collagen synthesis by fibroblasts
(7). There is clear evidence that endothelin-1 is present in asthmatic airways, for both ET-
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1 mRNA and protein are elevated in the epithelium from asthmatic bronchial biopsies (2,
93). Its transcription by mechanical forces appears to be highly dependent on the type and
magnitude of stress. Physiologic levels of fluid shear stress on vascular endothelial cells
causes rapid downregulation of ET-1 mRNA in a dose-dependent manner (75). Stretch,
on the other hand, has been shown to either upregulate ET- 1 mRNA expression (122), or
have no effect (75) in endothelial cell cultures. Our experiments showed a different
pattern of ET-1 mRNA expression, with rapid (1hr) and sustained (6hr) elevation when
20 cmH20 was used as the stimulus. Thus, we have shown that transmembrane pressures
on airway epithelial cell cultures induce ET-1 mRNA expression in a manner different
from other mechanical stresses such as shear or stretch on endothelial cell cultures.
The downregulation of ET-1 expression in endothelial cells in response to shear stress is
logical. By decreasing the amount of ET-1 in the vessel, the endothelial cells would
reduce vascular tone, increase the luminal area for blood flow, and thereby reduce the
shear stress on the cells. Upregulation of ET-1 expression in airway epithelium in
response to compressive stresses is counterintuitive, for an increase in ET-1 would only
exacerbate smooth muscle constriction and maintain the high stresses on the epithelial
cells. In the long run, however, the remodeling produced by ET-1 action on fibroblasts
may be beneficial to the epithelial cells. This potential benefit is discussed in a later
section.
TGF-pi is extremely important in directing the fibrotic program in the lung (11). It is
present in excess in asthmatic airway biopsies, but the epithelial cells stain more weakly
than the inflammatory cells or fibroblasts (74, 78). However, biopsies might miss the
transient increases in TGF-p1 in the epithelium and other cells immediately after an
asthmatic attack. Regulation of TGF-pi mRNA by mechanical forces is dependent on the
type of cell and stress. Shear stresses on cultures of bone-like cells (102) and endothelial
cells (84) upregulated TGF-p, mRNA, but shear stresses on endothelial cells in excised
arteries produced no change in TGF-p mRNA levels (117). Cyclic stretch also induced
TGF-P expression in mesangial cultures, but much longer periods of stretch (16-48
hours) were required (95, 139). In our experiments, TGF- 1 mRNA levels were clearly
increased after only six hours of pressure stimulation. Thus, our results were consistent
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with those of Berg et al. (10) who reported that TGF-p, mRNA expression levels in rabbit
lung parenchyma were increased by a factor of four after only 4 hours of high airway
pressure ventilation. It is unclear in Berg et al. whether the enhanced gene expression of
TGF-B, and other matrix components in mechanically ventilated lungs was due to the
high stretch or the high pressure. Our results raise the possibility, however, that airway
epithelial cells were the source of the increased TGF-p, mRNA levels noted by Berg and
colleagues (10).
Due to the relatively short duration of our experiments, we demonstrated elevated protein
levels of Egr-1 only. Because Egr-1 mRNA expression peaked early (30 min - 1 hr), and
because it is a transcription factor, we expected to see elevated Egr-1 protein within six
hours of stimulation. TGF-P, mRNA was not detected until the end of our experiment, so
elevations in TGF-p, protein would not be observed. ET-1 mRNA was elevated at the
early timepoint (1 hr), so it might be possible that newly synthesized ET-1 protein would
be present by 6 hours. However, the relatively low level of transcription (4 fold increase
vs. 18 fold increase of Egr-1) might make it difficult to detect newly synthesized protein
over the background stores of ET-1 protein present in airway epithelial cell cultures
(Barnes 1994). The questions that remain are whether protein synthesis followed
transcription, and whether the proteins were biologically active when released from the
cells.
The amount of extracellular matrix in any tissue is controlled by a careful balance of
matrix production and degradation. Therefore, it is difficult to say if the presence of one
particular growth factor or cytokine in excess would lead to net gain or loss of matrix
material. Of all the pro-fibrotic growth factors and cytokines, however, TGF-s, is the
most likely to cause accumulation of ECM by activating a battery of processes that
uniformly contribute to an accumulation of collagen (11). In the case of tissue in a
mechanically dynamic environment, the accumulation of matrix material would lead to
an increase in tissue stiffness and a subsequent decrease of the stress on the cell. For
example, cells experiencing an abnormal degree of stretch could respond by stimulating
collagen accumulation in the tissue, perhaps via TGF-p, signaling; extra collagen would
increase the tissue stiffness and reduce the amount of stretch the cells experience. This
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logical series of events is less clear in the case of asthmatic airway remodeling. Would
remodeling of the airway in response to mechanical stresses affect the stress field in a
manner beneficial to the epithelial cells?
It is generally believed that the accumulation of extracellular matrix in the asthmatic
airway is an injury response; chronic inflammation eventually stimulates the fibroblasts
to thicken the SCL, like a scar (15). We have shown that excess matrix production by the
fibroblasts could also be mediated by the epithelial cell response to mechanical stresses in
a constricted airway. The question remains: why would the epithelium signal for
remodeling, particularly when remodeling, as shown in our finite element model, leads to
hyperresponsiveness and makes breathing more difficult? It is tempting to speculate that
this remodeling in response to mechanical stresses occurs to reduce the stress on the
epithelium. There is some evidence that this might be the case. For example, if one
compares a normal and asthmatic airway both at the same normalized luminal area A*
(Fig. 3.3), the smooth muscle stress (P*) was considerably less in a highly constricted
asthmatic airway than in a normal airway. At the same degree of smooth muscle
activation (P*) in our representative cases, however, the compressive stresses on the
epithelium were the same for normal and asthmatic airways (Fig. 3.5). This comparison
was somewhat misleading, as our two cases had roughly the same ratio of epithelial layer
thickness and fold wavelength, and would be expected to behave in a similar fashion.
Asthmatic airways with fewer folds (i.e., with a small epithelial thickness to fold
wavelength ratio) would likely collapse more dramatically at low smooth muscle
pressures (Fig. 3.7), resulting in reduced compressive stress on the epithelium within the
folds. Of course, many more experiments are required to support this speculation.
Further experiments will be proposed in a later chapter.
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6.2.3 Airway inflammation and tissue remodeling
This model linking mechanical stresses, wall remodeling, and hyperresponsiveness
provides a powerful framework with which to view phenomena in asthma that are not
well understood. Asthma is a very complicated disease, and there is not one single aspect
that solely determines hyperresponsiveness. Our model provides additional insight useful
in explaining apparent disconnects in our understanding of the disease.
Asthma is generally viewed as a disease of chronic inflammation, but the link between
airway hyperresponsiveness and inflammation is unclear. One recent study (24)
investigated the relationship between baseline lung function, the degree of airway
responsiveness, and the numbers of inflammatory cells in sputum, BAL, and biopsy
samples in a large number of asthmatic patients. They found no association between
airway hyperresponsiveness and the presence of inflammatory cells in the airways. There
was a weak relationship, however, between baseline lung function and airway
inflammation. Some studies cited in Crimi et al. (24) that did find a correlation between
hyperresponsiveness and inflammation included healthy control subjects or
hyperresponsive nonasthmatics. This may have biased the results in these studies
because asthmatics and healthy subjects were not random samples from the same
population. It is apparent from the literature that inflammation is not the direct cause of
hyperresponsiveness in asthmatics, and other factors play a very important role in
determining airway responsiveness. Such factors might be: modification of nitric oxide
production, abnormal neuronal responses, changes in enzymatic activity of the
epithelium, inability of the smooth muscle to relax, or thickening of the airway wall (43).
This thesis and other modeling studies have shown that thickening of the airway wall is
very likely to be a major cause of hyperresponsiveness. Inflammation, again, is the cause
generally attributed to this thickening. Cytokines and chem6kines released by the
inflammatory cells can have long-lasting effects in the immediate vicinity of their release
and at distant sites. For example, eosinophilic cationic protein can stimulate fibroblasts,
causing proliferation and modifications in proteoglycan metabolism, leading to
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thickening of the airway wall (43). Therefore, the continuous presence of inflammatory
cells is not required for hyperresponsiveness, but the long-term effects of inflammatory
mediators may lead to a gradual thickening of the airway wall and subsequent
hyperresponsiveness.
Remodeling may also occur rapidly after allergen exposure. In a murine model of atopic
asthma, the epithelial cell layer was thickened, mainly by goblet cell hyperplasia, only
24-36 hours after a single allergen challenge (12). Subepithelial fibrosis was present after
only six allergen challenges (over 18 days) in sensitized mice (12). Thus, subepithelial
fibrosis in humans, which occurs regardless of disease duration, severity, or epithelial
damage (96), may be a rapid response to inflammatory mediators and/or allergen
exposure. This thesis presents a new epithelial response that may lead to subepithelial
fibrosis. The response of epithelial cells to mechanical stresses in vitro was very rapid
and also could directly stimulate fibroblasts to proliferate and produce excess matrix
material. Blyth and colleagues did not measure lung function in their mice during and
after challenge, so we do not know the degree of airway constriction that was present. If
allergen exposure did cause smooth muscle constriction, then the rapid remodeling
observed by Blyth et al. (12) may be a response of the epithelium to the compressive
stresses within the folds.
If inflammation were the cause of subepithelial fibrosis in asthma, then perhaps reduction
of inflammation via inhaled corticosteroids would reverse the fibrosis. While steroid
treatment does indeed reduce airway inflammation, it is unclear if it reverses fibrosis.
One study has indeed found that 4 months of steroid treatment reversed fibrosis in mild
asthma (114), but two other studies (64, 57) have not observed this. Jefferey et al. (57)
showed in an uncontrolled study that 4 weeks of steroid treatment reduced inflammation
in atopic asthmatics, but prolonged treatment (up to 3.7 years) could not reduce
subepithelial fibrosis. Laitenen et al. (64) also did not observe any changes in the
thickness of the collagen band with steroid treatment, although they did observe a
decrease in tenascin (a type of glycoprotein) content in the basement membrane area. If
frequent stimulation were required for maintenance of the thickened subepithelial
collagen band, then our model explains this decoupling of inflammation and fibrosis;
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even in the absence of inflammation, an asthmatic may still experience smooth muscle
constriction, which would stimulate the epithelium to maintain the thickened collagen
band.
6.2.4 Comparison of in vitro and in vivo stress states
We demonstrate in the next chapter that transmembrane pressure application is crucial for
gene expression in our cell experiments. We do not know, however, the exact
mechanism by which transmembrane pressure deforms our cells and produces a signal.
In our finite element model of the airway, we showed that there is a high amount of
compressive stress on the epithelium within the airway folds, and that a transepithelial
pressure gradient may exist after the fluid pressure within the interstitial spaces
equilibrates. Is the transmembrane pressure applied to our cell cultures an appropriate
model for the compressive stresses on the epithelium within the folds? Until we know
the mechanism of transduction in our cell culture experiments we are not able to answer
this question conclusively, but we have reason to think that our in vitro model is
appropriate. Transmembrane pressure application on our cell cultures is likely to
transduce a signal by either deforming the cell or by inducing a fluid shear stress on the
cells. In micrographs of a constricted airway, it is apparent that the epithelial cells are
also being deformed as they are confined in or squeezed out of the folds. In our model
we saw that there are stress gradients that could produce fluid movement and shear stress
within the wall, or the smooth muscle compression could simply force fluid out of the
wall into the lumen; both scenarios could induce shear stresses on the epithelium in vivo.
Regardless of whether there is an exact parallel between the in vivo and in vitro stress
condition of the epithelium, our experiments, which contained stresses similar to the in
vivo state, demonstrated that mechanotransduction in a constricted airway could indeed
play a role in wall remodeling in asthma.
6.3 Summary
The structure of the airway wall changes markedly in patients with asthma (53). Beneath
the epithelial basement membrane there is a fibrotic layer that is significantly thickened
(98). It is generally believed that the increased amount of extracellular matrix material in
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the subepithelial collagen layer is produced by myofibroblasts (16) in response to
inflammation (97, 47). Our results suggest that another potential mechanism may be at
work, that the response of airway epithelial cells to mechanical stresses during prolonged
smooth muscle constriction leads to elaboration of transcription factors and cytokines that
could lead to airway wall remodeling. The compressive stresses studied were similar to
those stresses in a constricted, buckled airway and are not present during normal lung
function. The genes we selected to study have been shown to play a role in tissue
remodeling. Egr- 1 activates transcription of important remodeling genes such as PDGF
and TGF- 1 (62). Endothelin-1 (ET-1) is a potent bronchoconstrictor, stimulates collagen
secretion from fibroblasts (7), and is present in bronchial epithelium of symptomatic
asthmatics (2). TGF-D, plays a key role in lung fibrosis (11) and is expressed in
asthmatic airways (74, 119). Thus, production of these pro-fibrotic mediators by the
epithelium in response to mechanical stress could stimulate the fibroblasts to remodel the
airway wall.
In conclusion, airway epithelial cell cultures stimulated by static transmembrane pressure
upregulated expression of mRNA for Egr-1, ET-1, and TGF-p, in a magnitude- and time-
dependent manner. Egr-1 protein was also upregulated by mechanical stress. The gene
induction response may be similar to that of airway epithelium in vivo when severe
prolonged smooth muscle constriction causes the airway wall to buckle and the
epithelium folds into deep crevasses. We speculate that this remodeling response occurs
to reduce the magnitude of stresses experienced by the epithelium during constriction.
Our model of airway tissue remodeling in response to mechanical stresses from smooth
muscle constriction is powerful, and might explain discrepancies in our current
understanding of asthmatic inflammation, remodeling, and hyperresponsiveness.
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Chapter 7
Transduction Mechanism of Transmembrane Pressure
It is unclear how the application of transmembrane pressure transduced a signal in our
cell cultures. In this chapter, we present the results of our experiments designed to
elucidate this mechanism of transduction. We explored five possible manners by which
our cells could be mechanically stimulated by transmembrane pressure application:
hydrostatic pressure, culture membrane strain, cell volume changes, deformation into the
membrane pores, and shear stress due to extracellular fluid movement.
7.1 Hydrostatic Pressure
Elevating the ambient pressure of cultured cells has been shown to enhance cell
proliferation (60), DNA synthesis (45), and release of cellular protein (1), but there are no
examples in the literature of hydrostatic pressure inducing gene expression. It is unclear
how hydrostatic pressure would induce any changes in cultured cells, as it would not
produce any changes in the cell shape that could transduce a pressure signal. Instead, the
pressure within the cells would equilibrate with the ambient pressure and no deformation
would occur. In our transmembrane pressure experiments we applied a pressure gradient
across the cells and the culture membrane, so it is possible for the cells to deform to
support the pressure gradient. However, we wished to see if the component of
transmembrane pressure that was stimulating our cells was simply the elevation in
ambient pressure.
We applied 10 cmH 20 hydrostatic pressure to our cells within a sealed plexiglas box, and
compared expression of Egr-l mRNA after 1 hour to those cells with I hour of 10
cmH20 transmembrane pressure stimulation. The results are shown in Fig. 7.1; clearly,
hydrostatic pressure did not induce Egr- 1 expression like transmembrane pressure did. It
almost appears that hydrostatic pressure inhibited Egr-1 expression, as the control levels
were higher than the hydrostatic levels. We did not-investigate whether this difference
was significant.
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Figure 7.1: Comparison of Egr-1 mRNA expression in RTE cells exposed to 10 cmH2O
transmembrane or hydrostatic pressure for 1 hour.
If our culture membrane were not porous, but just a solid material like a plastic petri dish,
then elevating the pressure on the apical surface of the cells would be the same as
applying hydrostatic pressure. The cells would not support any load, the pressure would
equilibrate within the cells, and the cells would not deform. Because transmembrane
pressure did induce gene expression, then it is possible that the cells are supporting some
of the load and deforming due to the pressure gradient. Therefore, we wished to
determine the ways in which the cells might be deforming by transmembrane pressure.
One other potential mechanism must be mentioned here, and that is the change in gas
partial pressures due to elevation in pressure. In some of the hydrostatic pressure
experiments in the literature, the pressures applied were much larger than ours (110-170
cmH20; 45, 60) and care was taken to maintain gas partial pressures within the chamber
the same as in the incubator atmosphere. This was accomplished by mixing an inert gas
with the incubator air. We did not raise the pressure via an inert gas because the partial
pressures would vary at most by only 1% with our relatively low elevations (20 cmH2O)
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in pressure. (Barometric pressure changes induce partial pressure changes in the
atmosphere larger that those produced in our experiments, although the change is much
more gradual.) We also were not concerned with changes in pH or gas partial pressures
within the culture medium as in the other pressure experiments, for our medium was
exposed to incubator conditions only and not to elevations in pressure. It is apparent
from our hydrostatic pressure experiments that an elevation in gas partial pressures within
the cells and medium did not cause changes in gene expression, but there is a remote
possibility that the very slight gradient in gas partial pressures with transmembrane
pressure application might affect the cells. Preliminary results from experiments on
human tracheal epithelial cells in which transmembrane pressure was applied by mixing
argon gas with incubator air showed no difference between pressurized argon mixtures or
pressurized incubator air. We do not believe that slight gradients in gas partial pressures
are responsible for signal transduction by transmembrane pressure application, but we
mention it here for completeness.
7.2 Culture Membrane Strain
There have been numerous studies on the effects of cell strain on gene expression. Cyclic
strains as low as 1% have been shown to inhibit gene expression in cardiac myocytes
(137). Strains of only 0.3% or less induced proliferation of osteoblasts in culture, and
caused synthesis of collagen and collagenase (58). Mechanically straining airway and
alveolar epithelial cells also affects cell function (e.g., by inhibiting prostanoid release
and wound repair in airway epithelium (103, 104), or by stimulating Ca 2 signaling and
surfactant release from alveolar epithelium (131)). No one has demonstrated induction of
gene expression in airway epithelial cells by mechanical forces, nor has anyone shown
how constant static strains affect cell function. It is apparent from the literature,
however, that the strain of the culture membrane we produced with transmembrane
pressure application could in fact be the cause of the gene upregulation we observed in
our experiments.
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Figure 7.2: Schematic of strained culture well under transmembrane pressure (not to
scale). Culture well radius = a, maximum deflection in center of the well = Wmax.
Depending on the cell type, the amount of cyclic strain required to induce gene
expression could be very low. We determined the average membrane strain by
measuring the maximum deflection (Wmax) in our Transwells with transmembrane
pressure and then applying the analysis of Williams et al. (129). The membrane
deformed in the shape of a spherical cap (see Fig. 7.2); the outer edge was clamped so the
circumferential strains at the edge were zero, and the membrane deformed the most at the
center of the well. Our membranes were extremely thin (thickness h = 50 in) compared
to both the maximum deflection (wmax) and the culture well radius (a = 12.5 mm), thus it
behaved like a pure membrane without bending stiffness. According to Williams et al.
(129), the average membrane strain (E) for this spherical cap is given by:
2 a 2 (7.1)
3 a
Below is a table of the average membrane strains from the various transmembrane
pressures used in our experiments.
Transmembrane Pressure Wmax average strain, E
20 cmH2O 2.3 mm 2.3%
10 cmH 2O 1.9 mm 1.5%
5cMH 20 1.5 mm 1.0%
2 cmH2 O 1.1 mm 0.5%
Table 7.1: Average membrane strains due to transmembrane pressure calculated from
maximum membrane deflection.
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According to the studies cited above, the membrane strains produced by transmembrane
pressure application were sufficiently large to induce changes in gene expression. We
wished to see if static strains of this magnitude were the cause of gene induction in our
experiments. To do this, we had to apply transmembrane pressure without the
subsequent membrane strain.
To reduce the membrane strain, we placed a flat plastic screen with large (800 gm
diameter) pores in the bottom of the six-well plate. The Transwell membrane was then
held flush against the screen by weighting the Transwell support. This allowed most of
the cells to be exposed to the medium and the pressure gradient, while reducing the strain
within the pores by a factor of about 10 (27).
The results from the membrane strain reduction experiments are presented in Fig. 7.3.
Notice that Egr- 1 mRNA was upregulated after 1 hour with 10 cmH20 transmembrane
pressure, with and without the large membrane strain. Cells subjected to 10 cmH2 O
transmembrane pressure without membrane strain for one hour had a 4.8 ± 0.5 (n = 5)
fold increase in Egr- 1 mRNA. Cells under the same pressure but with membrane strain
had a 7.0 ± 1.1 (n = 9) fold increase in Egr-1 mRNA after one hour. The difference in
levels of Egr-1 mRNA between the strained and supported samples was not statistically
significant (P = 0.18). TGF-p mRNA was also upregulated in the strained and
unstrained wells after 6 hours of 10 cmH2O transmembrane pressure application (data not
shown).
The important thing to note from these experiments is that culture membrane strain was
not required for gene expression with transmembrane pressure. While it appears that
removal of the membrane strain reduced the Egr- 1 mRNA expression levels somewhat, it
did not remove the signal completely like hydrostatic pressure did. Therefore,
transmembrane pressure appears to be the critical element in signal transduction in our
experiments.
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Figure 7.3: Northern autoradiographs of Egr- 1 expression with 10 cmH20 transmembrane
pressure applied for one hour, with or without strain of the culture membrane. Densitometric
data presented in graph below. Difference between unstrained and strained wells was not
significant (P = 0.18).
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There is further evidence in our experiments that membrane strain was not the critical
factor in stimulating our cells. In the pressurized culture well, the strain varied along the
radius and was maximum at the center, zero at the outer edge. Examination of wells
stained for Egr- 1 protein showed no dependence on radius of the fluorescent signal; there
was signal from the center to the edge of the well. Vital staining of the high pressure
experiments also showed an even distribution of the clusters of the dead cells. If culture
membrane strain were responsible for any signal, then we would have expected to see a
stronger signal in the center rather than at the edge of the well, but this was not the case.
It is difficult to assess how much the airway wall strains during respiration. Lung
volumes may change by almost 400% with a deep breath, although during tidal breathing
the lung volume changes roughly by 30% (125). If the airway surface area changed as
lung volume to the two-thirds power, then the epithelium would be strained 10% during
tidal breathing, and 250% in a vital capacity maneuver. This is not the case, however.
The basement membrane perimeter has been shown to not vary with lung volume (52), so
the epithelium is not expected to strain to the same degree as the lung parenchyma during
a vital capacity maneuver. Therefore, we are not ignoring the effects of an important
mechanical force by not including stretch in our cell system.
7.3 Change in Cell Volume
So far we have shown that transmembrane pressure was key in inducing gene expression
changes in our experiments. It is not clear, however, how the cell might deform under
the pressure gradient. One possibility was that the pressure gradient squeezed liquid out
of the cells, decreasing the cell volume enough to transduce a signal. This would be
similar to the induction mechanism behind hyperosmotic cell shrinking or hypoosmotic
cell swelling.
Osmotic stresses induce changes in cell volume, as water flux occurs to balance any
osmotic gradients. Generally, the response to the stress is rapid. In kidney tubular cells,
the cell volume increases or decreases by a factor of 40 - 70% within seconds to minutes
of -osmotic stress application (89). This rapid deformation in the cell size may deform
the cytoskeleton enough to mechanically transduce the cell, perhaps by bringing integrin
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molecular assemblies closer together or further apart (33), or by altering the level of
stress borne by the cytoskeleton.
Transient changes in cell volume (V) may be evaluated by the differential equation (35):
dV(t) (7.2)
dt
where A is the cell area, L, is the cell membrane hydraulic conductivity, and AH is the
oncotic pressure difference between the cells and the surrounding medium. The oncotic
pressure consists of a mechanical pressure and an osmotic pressure component.
AH = AP+ cR TA C (7.3)
AP is the mechanical pressure difference between the cells and their environment, R is
the gas constant (8.314 J/mol K), T is the absolute temperature, AC is the concentration
difference between the cells and their environment, and T is the reflection coefficient of
the osmolyte. (Y = 1 means the cell is completely impermeable to the osmolyte, and a =
0 means the osmolyte is not excluded by the cell membrane at all, but passes through
without generating an osmotic stress.) Converting the flux equation into more convenient
units, we arrive at:
-- = A V- AP +V, A C(74
dt V, )YRT
where V, is the molar volume of water (18 ml/mol), and Pf is the osmotic water
permeability, generally expressed in units of tim/s.
LRT~ (7.5)
P= III V,
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(B)
Figure 7.4: Hematoxylin- periodic acid Schiff's stained tissue sections of RTE
after 10 cmH20 transmembrane pressure application for 1 hour (A) and control (B).
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Because our cells form a completely confluent monolayer, then it is unlikely that the cell
area will change and only the height (h) of the cell layer will change with time.
dh= V- AP+VAC (7.6)
dt fYRT
In segments of distal guinea pig airways, the transepithelial water permeability (Pf) was
measured to be 40 - 50 gm/sec (36). If we assume that our cell cultures the same
permeability, and that there are no retarding concentration gradients (AC = 0) to water
flux, then a transmembrane pressure (AP) of 20 cmH2 O would result in a change in cell
layer height of 5 - 7 x 10-4 pm/sec. These changes could be a significant fraction of the
cell layer thickness given sufficient time prior to cellular volume regulation, and might
therefore deform the cells enough to transduce a signal.
condition control 10 cmH20 10 cmH2O 20 cmH20 20 cmH2O
1 hour 6 hours 1 hour 6 hours
cell height (pim) 15.0 ± 2.8 16.4 ± 2.6 16.6 ± 2.7 20.4 ± 3.5 15.4 ± 3.2
mean ± SD
Table 7.2: Average cell layer thicknesses of cultures exposed to 0, 10, or 20 cmH2O for 1
or 6 hours.
We measured the heights of the cell layers exposed to 0, 10, or 20 cmH2O for I or 6
hours of transmembrane pressure (Table 7.2). A hematoxylin-PAS stained tissue section
of cells subjected to 10 cmH20 pressure for 1 hour is shown in Fig. 7.4a, with controls
cells in Fig. 7.4b. There was no obvious difference in appearance between both these
samples, and we found no correlation between the average thicknesses of the cell layers
and the magnitude of pressure or length of time it was applied. (The tissue section of
cells exposed to 20 cmH20 for 1 hour was incorrectly cut and did not include the thinner
region of the cell culture at the outer edge of the well. Therefore, the mean thickness was
higher than in the other samples). However, this does not necessarily mean that there
was no cell volume change and regulation. First of all, histological processing
dehydrates and then rehydrates the tissue samples, which could destroy slight differences
in morphology among samples. Secondly, regulatory volume changes in response to
osmotic stresses in cells occur in minutes, and our earliest timepoints were at 1 hour.
Therefore, we may have missed the volume reduction and subsequent increase to
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baseline. It would be better if we could measure cell layer thicknesses during the course
of the experiment and not after fixation. There have been several techniques designed to
do this (89, 35), but they require sophisticated imaging apparatuses and could not be
employed in our current set up. It is also possible that there was no cell volume change at
all. In Raat et al. (89), changing the osmolarity on only one side of the cell layer resulted
in a transcellular water flow without a change in cell volume. In our experiments, then,
we may be inducing a transcellular water flow without a cell volume change.
We conducted one experiment where we applied an osmotic stress of 20 cmH20 by
applying a concentration gradient instead of a mechanical pressure gradient. We placed a
0.78 mOsm solution of polyethylene glycol (PEG) 8000 MW in DMEM/F12 in the
bottom compartment of the culture plate, mixed by gently shaking the plate, and then
replaced the culture well. Thus, the basal surface of the cells was exposed to a 20 cmH2O
hypertonic osmotic pressure gradient. We then looked at Egr-1 mRNA expression after
one hour of exposure to the PEG solution; we saw no upregulation with 20 cmH2O
osmotic stress (data not shown). It was unclear, however, if we allowed sufficient time or
sufficiently mixed the solutions for the PEG to move through the culture membrane pores
and produce an osmotic gradient right at the basolateral surface of the cells. Further
experiments employing a larger range of osmotic stresses would have to be conducted to
determine if osmotic stress on airway epithelial cell cultures induces gene expression.
7.4 Deformation Into Membrane Pores
It is possible that by placing pressure only on the apical surface of the cells we are
pushing the cells down into the pores of the membrane, which might deform them
enough to transduce a signal. It helps to visualize this phenomenon as a "person on a
lawn chair effect"; when a person sits on a woven chair, the pressure exerted by the
person's weight deforms the skin and clothing into the spaces of the weave. A similar
process might be going on in our cell layer.
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Figure 7.5: Transmission electron micrograph of RTE cells subjected to 10 cmH20
transmembrane pressure for 6 hours.
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Hollow fiber membranes are used to separate bone marrow cells by applying a pressure
gradient across the membrane, drawing the cells to the membrane surface by suction (87).
The pressures used to separate the cells are around 40 mmHg (54 cmH2 O), which are
higher than those applied in our experiments. These transmembrane pressures draw the
cell membrane and cytoplasm into the pores, producing very long extrusions which were
visualized using TEM. We wished to see if there were similar extrusions in our
pressurized cells.
A TEM micrograph of RTE cells subjected to 10 cmH20 for 6 hours is shown in Fig. 7.5.
Although the culture membrane was damaged in the processing, the cells appear to be
undamaged; thus, we would expect that any extrusions would have remained intact. We
did not see any cell processes, either in the TEM sections or in the light micrographs.
Because our cells formed a confluent monolayer and have been in culture for 2 weeks,
producing their own extracellular matrix, while the bone marrow cells were in suspension
without any matrix support, the fact that we did not see long finger-like extrusions was
not too surprising. Our changes at the substrate/cell interface might be more difficult to
detect, and we still wished to see if the substrate structure was important in signal
transduction with transmembrane pressure. So we changed the membrane structure to
see if it affected the response.
A scanning electron micrograph of a 0.4 gm pore-size Transwell-COL membrane is
shown in Fig. 7.6a. The membrane is manufactured by pulling out beads of Teflon into a
mesh-like structure, then coated with collagen. The pore structure is tortuous and the
pore size is not tightly controlled but varies about the average. The porosity is
approximately 75%. The 3.0-COL membranes have the same structure but larger spaces
between the fibers and approximately 90% porosity. Their structure is markedly different
from the nucleopore Transwell-Clear membrane, shown schematically in Fig. 7.6b.
These membranes are simply solid sheets of tissue culture plastic (no collagen coating)
with several 0.4 jim pores etched into the plastic. The plastic is very stiff and does not
deform with transmembrane pressure application. The pores here are all of uniform size,
are straight, and have a well-defined density and 13% porosity.
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Figure 7.6: (A) Scanning electron micrograph of Transwell-COL membrane with 0.4 gm
diameter pore size. (B) Schematic of nucleopore membrane (Transwell-Clear).
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We cultured RTE cells on all three of these membranes with varying success. The pore
structure of the 3.0-COLs was too large for proper cell growth, and the cells never
reached confluency despite large seeding densities. We only had enough samples to
apply 0, 2, or 5 cmH20 pressure. The cells grown on the 0.4-Clears grew to confluency,
but took much longer than the cells on the 0.4-COLs. All of the 0.4-Clear cultures were
at air-liquid interface for a week, but because they were confluent later they were older
than the 0.4-COL cultures. We subjected our cultures to various transmembrane
pressures for 1 hour and measured any changes in Egr-1 mRNA expression. If the pore
structure, pore size, and/or porosity were important to mechanotransduction, then we
would expect to see a shift in the dose-response curve of Egr- 1 expression.
Representative Northern blots and densitometric data from this experiment are presented
in Fig. 7.7. The 0.4-COL data points are averages of Egr-1 expression from all the
previous experiments (Fig. 6.5), but the data points for 3.0-COL and 0.4-Clear are single
values from this experiment alone, so we were not able to analyze statistical significance.
Notice that there was no dramatic shift in dose-response for the large pore diameter, high
porosity membranes (3.0-COLs). The cells on the 0.4-Clear membranes, however, did
not experience any upregulation in Egr-1 expression at 0, 2, 5, or even 10 cmH20
pressure. Only at 20 cmH20 pressure did we see a 10-fold increase in Egr-1 mRNA.
It is difficult to interpret these data, except to say that the culture substrate is important in
mechanotransduction via transmembrane pressure. If the cells were deforming into the
pores, then it would be expected that a large pore size would create a larger deformation
at a lower pressure, resulting in a shift of the dose-response curve. However, we did not
see a shift of the dose-response for the 3.0-COL large-pore membranes from the 0.4-
COL, smaller pore membranes. Due to the difficulties culturing the RTE on the 3.0-
COLs and the lack of a complete dose-response curve, however, we may not conclusively
say that pore size had no effect on the response.
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Figure 7.7: Northern blots probed for Egr- 1 of cells grown on various substrates and then
subjected to a range of transmembrane pressures. Bands were arranged from two gels of RNA
from the same experiment that were probed simultaneously. GAPDH was not included for
clarity; lanes were evenly loaded. Densitometric data presented in the graph below.
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There are two major differences between the 0.4-COLs and the 0.4-Clears that could
account for the shift observed in the pressure response: the matrix coating, and the
porosity. It is apparent from the way the cells grew that the ECM coating was important,
and the RTE needed the collagen coating in order to reach confluency by day 7.
However, on both membranes the cells were confluent for at least 7 days, which would
be sufficient time for them to produce their own matrix and thereby minimize the
difference in the environments between the Transwell types. Therefore, we do not expect
that the differences in culture membrane coating would explain the different dose-
response curves. The porosity affected how much of the cell surface was exposed to a
pressure gradient rather than hydrostatic pressure. The cells on the collagen coated
membranes were predominately exposed to the pressure gradient, whereas the cells on
the nucleopore membranes were exposed predominately to elevated hydrostatic pressure,
with only 13% of their basal surface area exposed to a pressure gradient. This would
affect signaling either by changing the total amount of deformation the cells experienced
into the pores, or by changing the resistance to fluid flow. An increased resistance to
fluid flow could reduce changes in cell height due to osmotic water flux, or reduce the
extracellular fluid flow thereby reducing the shear stress on the cells. Both of these
changes would result in the observed shift in the pressure response curve, but we are
unable to distinguish which one was primarily responsible.
7.5 Fluid Shear Stress
We did no experiments to directly assess the effects of fluid shear stress on our cultures,
although shear stress may have been a factor in some of the other mechanism
experiments. It was difficult to know if there was a volume flux across our cell cultures
because the apical surfaces of our cultures were exposed to air. The only surface liquid
on our cultures was that secreted by the cells in the form of mucus, or any slight amount
of medium that might have seeped up from the basal compartment. After 6 hours of
transmembrane pressure application the surface did not appear dry and the amount of
visible surface liquid was unchanged.
In an experiment similar to ours, Dull and colleagues (30) measured solute and albumin
flux across endothelial cell monolayers by pressurizing the medium on the apical surface
of the cells. Dull et al. grew their cells on 0.4 gm Transwell-Clear inserts and the
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pressures they used ranged from 5 to 10 cmH2O. Volume fluxes of medium without
albumin ranged from 3 x 10- ml/sec to 1.4 x 10-4 ml/sec, which would be enough to force
1 ml of liquid across the cells in 2-9 hours. The amount of surface liquid initially
covering our cell cultures was inadequate to produce such high volume fluxes, and, as
mentioned previously, the surface of our cells did not appear dry after six hours of
pressure application. Higher fluid viscosity due to mucus produced by the cells, thicker
cell layers and surface tension effects, however, would retard volume flux through our
cell cultures, so it is difficult to determine if liquid flux between the small cell junctions
could produce shear stresses high enough to mechanically stimulate the cells.
7.6 Conclusions
We were able to determine from our mechanism experiments that hydrostatic pressure
and culture membrane strain were not the components of transmembrane pressure that
stimulated gene expression in our cultures. Our experiments designed to measure cell
volume changes via osmotic stress were inconclusive. We also did not see any obvious
deformation of the cells into the pores of the membrane, but modifying the membrane
pore structure changed the pressure-response curve of Egr-1 expression. There was no
visible flux of surface liquid across the cell layer to produce a shear stress on the cells,
but it is difficult to say if even small amounts of fluid movement could mechanically
stimulate the cells.
The mechanisms behind cell mechanotransduction are far from being completely
understood. Mechanical forces could selectively open ion channels to induce a signal,
deform the cytoskeleton to bring integrins or other signaling complexes closer together,
or deform the topography of the culture membrane to also bring complexes together and
start a signaling cascade within the cell (26). One or more of these processes were
occurring in our cells under transmembrane pressure, but we were not able to determine
how transmembrane pressure activated the processes. Because mechanotransduction
occurs via changes on the molecular scale, it is not surprising that macroscopic changes
in the environment were unable to elucidate the mechanism. As research in
mechanotransduction continues, further experiments may become available to determine
the mechanism of transduction in our transmembrane pressure experiments.
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Chapter 8
Summary and Future Directions
8.1 Summary
In this thesis, we explored the role of the epithelium in the mechanics of airway wall
buckling, and how its response to mechanical stresses may lead to asthmatic wall
remodeling. We also examined possible mechanotransduction mechanisms in our culture
system.
There is extensive remodeling that occurs in asthma. There is hypertrophy and
hyperplasia of the smooth muscle, the mucus-secreting apparatus hypertrophies,
inflammatory cells infiltrate the wall, the epithelial cells appear damaged and denuded
from the basement membrane, and all regions of the airway wall increase in thickness.
All of these remodeling features have been associated in some way with increased airway
responsiveness. It is generally believed that this remodeling occurs in response to the
chronic inflammation present in even mild asthma. However, extensive remodeling also
occurs in tissues that experience alterations in their mechanical stress field. Therefore,
we explored the hypothesis that airway epithelial cells respond to elevated compressive
stresses that occur during asthmatic smooth muscle constriction by signaling for tissue
remodeling.
Previously, Hrousis (48) developed a finite element model of the airway wall internal to
the smooth muscle. This model was composed of two layers of different dimensions and
material properties, which represented the lamina propria and the subepithelial collagen
layer. Smooth muscle action was modeled by a thin outer band that was caused to
constrict with uniform hoop strain. As the airway model was constricted, the inner layer
representing the SCL buckled into a many-lobed rosette pattern, much like that observed
in constricted membranous airways in vivo. Hrousis determined that the thickness of the
stiff inner layer was the most important determinant of the buckling mode, and increasing
the thickness resulted in a decrease in fold number. This change in buckling mode was
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likely to result in a more dramatic airway collapse that would lead to
hyperresponsiveness.
In chapter 2, we modified the model of the inner airway wall developed by Hrousis (48)
to include a structure representing the epithelial cell layer. As the airway was constricted
and the folds developed, the epithelial layer began to fill the space between the folds and
resist further constriction. We selected representative normal and asthmatic airway
models, and explored how remodeling and the epithelial layer affected the mechanics of
airway constriction. We also used our models to estimate the magnitude of stresses
experienced by the epithelial cells within the folds of a highly constricted airway.
Previous models of the inner airway wall did not include the epithelium for simplicity, as
it was believed not to affect the mechanics of constriction or the buckling pattern (48, 68,
127). We discovered that, while the epithelium was unlikely to affect the buckling
pattern, it did play a very important role in determining post-buckling mechanics. As the
folds constricted around the epithelial barrier, the resistance to constriction increased
greatly, and large changes in smooth muscle pressures were required to further reduce
luminal area. These changes in smooth muscle pressure were much larger than those
predicted in the model of Hrousis, which did not include the epithelial layer. We found
that the size of the epithelial layer relative to the fold wavelength was critical in
determining luminal obstruction; airways that buckled into few folds, or that had the
epithelial layer denuded from the surface, would likely experience dramatic collapse at
low smooth muscle pressures. We concluded that the structure of the inner airway wall
and the epithelium within the folds were essential features in resisting smooth muscle
constriction. Remodeling of the inner airway wall in asthma has the potential to
dramatically alter the mechanics of wall collapse and lead to airway hyperresponsiveness.
The epithelial cells within the folds of a constricted membranous airway experience large
compressive stresses. Using our finite element model, we determined the average
compressive stress within the fold to be approximately 1 - 2 times that exerted by the
smooth muscle. Therefore, when the smooth muscle is activated to its maximum stress of
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40 cmH2 O (41), the stresses on the epithelium would range from 40 cmH20 - 80 cmH20;
however, these levels would subside some as interstitial fluid was expelled from the
tissue in the folds. Water movement within the folds may also produce fluid pressure
differences across the epithelial cell layer. The magnitude of compressive stress within
the folds is considerably higher than that placed on the epithelium during the normal
course of respiration (approximately 1-3 cmH2O; 125). We wished to study how the
epithelium might respond to this type of stress. Therefore, we developed an in vitro
model of compressive stress and transepithelial pressure differences on airway epithelial
cells, and examined changes in gene expression, protein production, and cell morphology
in response to the stress.
The genes we selected to study are known to be mechanically transduced in other cell
systems, and are believed to play an important role in airway wall remodeling. Egr-1 is
an immediate early gene that is a transcription factor for remodeling genes such as PDGF
and TGF-P (2). ET-1 is a potent bronchoconstrictor that also stimulates collagen
secretion from fibroblasts (7). TGF-@3 also induces extracellular matrix production in
fibroblasts, and is believed to be extremely important in directing the fibrotic program in
the lung (11). Elevated ET-1 and TGF-P, levels in asthmatic lung tissue have been
associated with airway wall remodeling (7, 119).
For our experiments, we grew primary cultures of rat tracheal epithelial cells in a
Transwell-COL membrane system. This culture system allowed us to produce an air-
liquid interface over our confluent cell layers; the presence of the air-liquid interface
polarized the cell layer and induced differentiation into a pseudostratified, mucus-
secreting, airway epithelial cell phenotype. We applied compressive stresses to the
mature cell cultures by raising the air pressure above the apical surface of the cells to the
desired level, but the basal surface of the cells and the culture membrane were exposed to
atmospheric pressure; thus, the cells experienced a transmembrane pressure. The
pressures selected to study were 0, 2, 5, 10, and 20 cmH 20 and were continuously applied
for 0, 1, or 6 hours. We found that our selected genes were differentially expressed with
both pressure magnitude and time, and we saw elevated Egr-l protein production with
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transmembrane pressure. Cells were viable in all of the experiments except that extended
(6 hr) application of our highest (20 cmH2O) pressure produced some cell death.
We demonstrated in our experiments that airway epithelial cells in vitro respond to
compressive stresses by upregulating genes that could signal for airway wall remodeling.
This suggests that wall remodeling in asthma is not solely a response to inflammation as
generally believed, but that the compressive stresses present during smooth muscle
constriction may also induce wall remodeling and fibrosis. The response to compressive
stress in our experiments was rapid and pronounced; therefore, repeated and/or extended
bouts of smooth muscle constriction in asthma could lead to tissue fibrosis even in the
absence of inflammatory cells.
We do not know the mechanism by which transmembrane pressure stimulates the cells.
We explored five possible causes of mechanotransduction: hydrostatic pressure, culture
membrane strain, reduction in cell volume, deformation into the membrane pores, and
fluid shear stress induced by extracellular fluid movement. Application of hydrostatic
pressure (i.e., elevated pressure applied uniformly to all cell surfaces) did not induce gene
expression in our experiments. Reduction of culture membrane strain with
transmembrane pressure did not significantly reduce gene expression; therefore, culture
membrane strain was not required for gene induction in our experiments. We did not
observe any changes in cell volume, which may have occurred if transmembrane pressure
squeezed liquid out of the cells and deformed their shape. We also did not observe any
deformation of the cells into the pores of the Transwell-COL membrane in TEM and light
micrographs. However, we observed that cells grown on nucleopore Transwell-Clear
membranes were less responsive to transmembrane pressure. This reduced response in
cells grown on Transwell-Clears is likely due to their lower porosity. The lower porosity
would reduce the proportion of the cell culture experiencing transmembrane pressure
(rather than hydrostatic), thereby reducing the deformation, or it would increase the
resistance to extracellular fluid movement, thereby reducing the shear stress on the cells.
Further experiments are necessary, however, to determine the transduction mechanism of
transmembrane pressure.
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8.2 Future Directions
The hypothesis that mechanical forces produced by smooth muscle constriction in asthma
lead to airway wall remodeling is a novel one, and this thesis was the first to explore this
possibility. The findings in this study opened up many new questions, and in this section
a few experiments are proposed that might provide answers.
The first important question concerns how well the finite element analysis captures the
mechanics of constriction and wall buckling in vivo. It would be interesting to directly
measure the pressure-area relationships of normal and asthmatic airways. This would be
possible using the set-up designed by Gunst and Stropp (41) that was used to measure
maximum smooth muscle pressure in excised airways. Relationships between fold
number, luminal area, smooth muscle pressure, and wall structure could all be developed
using bronchial segments from post-mortem normal and asthmatic humans, or from a
large animal model of asthma. These results could be used to support or contradict the
finite element model results. It might also be possible in these experiments to directly
measure the stresses within the folds with a miniature pressure transducer; these data
could be used to explore our speculation that asthmatic airway remodeling ultimately
leads to a reduction in stress on the epithelial cells within the folds.
Another important question is whether mechanotransduction occurs in constricted
airways in vitro, particularly in the absence of inflammation. In his thesis, Hrousis
studied the number of folds in the airways of excised rat lungs constricted with two
different doses of methacholine. This same experimental design would be ideal to study
gene expression in constricted airways that were not inflamed. In situ hybridizations for
genes such as Egr-1, ET-1, or TGF-P3 could be performed in lungs that were constricted
for varying lengths of time, and expression associated with cell type and dose of
methacholine (e.g., degree of constriction). Another possibility would be to perform in
situ hybridizations on human bronchial biopsies post-agonist challenge. In both of these
experiments, it would be important to separate the responses to agonist and the responses
to mechanical stress.
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The computational modeling and epithelial cell experiments in this thesis were performed
to better understand the physiology of airway narrowing, and to propose new
mechanisms for tissue remodeling in asthma. By quantifying the mechanics of airway
constriction, and the cellular responses to the stresses produced by the constriction, this
thesis has opened up new avenues of research that will further our understanding of
asthma and tissue remodeling.
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Appendix A.1
Comparison with Hrousis
In his thesis, Hrousis used the finite element software package ABAQUS (Hibbit,
Karlsson & Sorenson, Inc. v 5.4) for his two-layer model calculations. We compared the
linearized buckling results and tube laws from our ADINA calculations with those of
Hrousis and ABAQUS.
A.1.1 Two-Layer Model Dimensions
Hrousis also used the airway dimensions calculated in Wiggs et al. (126, 128), but he
made the assumption that the epithelial cell layer thickness was a negligible part of the
total thickness. While this may be true for the largest airways, this was not the case for
the small airways that we studied. Therefore, the calculated t0 * in Hrousis included the
epithelial cell layer (i.e., to* (Hrousis) = to* + te* (this thesis)). For direct comparison, we
used the identical dimensions of the generation 15 airways from the Hrousis model to
compare ADINA results with ABAQUS; the dimensions studied are in the table below.
Normal Asthmatic
ti* 0.0191 0.0385
to* 0.148 0.272
E* 17 17
Table A.1.1: Model dimensions of Generation 15 airways in Hrousis model calculations.
A.1.2 Linearized Buckling Results and Tube Laws
Hrousis found that, in ABAQUS, the results for Hookean and neohookean material
models were virtually identical. We found that this was not the case for our ADINA
calculations. Below is a table comparing our linearized buckling analyses with Hrousis's.
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ABAQUS ADINA
Hookean neohookean Hookean neohookean
number of folds, N
normal 24.1 24.1 30 27
asthmatic 12.9 12.9 15 14
buckling pressure, Pb*
normal 0.0522 0.0522 0.0496 0.0530
asthmatic 0.0959 0.0959 0.0734 0.1016
Table A.1.2: Results of linearized buckling analyses of ABAQUS and ADINA
calculations.
Hrousis calculated the non-integral values for the number of folds by fitting a parabola to
the lowest three modes calculated by ABAQUS. The number of folds calculated by
ADINA was slightly higher than by ABAQUS, and the results were more disparate when
a large number of folds were expected (i.e., for a thin SCL). The neohookean
formulation in ADINA and both formulations in ABAQUS buckled at similar buckling
pressures. The Hookean formulation in ADINA, however, buckled at a lower Pb*.
We did not include any epithelial barrier in our ADINA calculations in order to compare
with Hrousis's calculations. In his pressure-area calculations, Hrousis was required to
remesh his wedge models often to obtain low luminal areas. Our ADINA calculations
without the epithelial barrier model also failed at high luminal areas, and remeshing
would be required to achieve a high degree of constriction. Therefore, only the early
parts of the tube law calculated without the epithelial barrier were available for
comparison with Hrousis.
The tube law results for the Hookean and neohookean formulations calculated in ADINA
are presented in Fig. A. 1.1. In the models representing normal and asthmatic airways, the
curves of the Hookean formulations were shifted left from the neohookean curves (i.e.,
the Hookean formulation gave a more compliant behavior). Figure A. 1.2 was taken from
Hrousis and shows the tube laws for his generation 15 airway models calculated using
ABAQUS. There was good agreement between the results using the neohookean
formulation, but not the Hookean formulation, in ADINA and the results of Hrousis in
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Figure A.1.1: Comparison of Hookean and neohookean formulations in ADINA. Model
dimensions are for normal (A) and asthmatic (B) generation 15 airways from Hrousis.
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Figure A.1.2:
Hrousis (48).
Pressure-Area relationships for Generation 15 Airways calculated in
ABAQUS. In ADINA, the neohookean formulation assumed large strains and large
deformations; in this analysis, the stresses calculated were the Cauchy, or true, stresses
that were calculated using the deformed geometry configuration. However, the Hookean
formulation assumed small strains, and in this analysis, the stresses were calculated using
the original geometry configuration. Because our model strains were not small, then a
discrepancy in the calculated stresses eventually arose in the linear elastic formulation.
Therefore, it is possible that ABAQUS did not distinguish between the two methods of
calculating stress, but instead always calculated Cauchy stress, and therefore caused
Hrousis to obtain the same result with both the Hookean and neohookean formulations.
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Appendix A.2
Thick-Walled Cylinder Model
Micrographs of snap-frozen constricted airways (Fig. 2.4) show that the folds are filled
by the epithelial cell layer. The general shape of these airways is that of a thick-walled
cylinder; thus, we modeled a highly constricted airway as a homogeneous, isotropic
thick-walled cylinder under external compression (Fig. A.2. 1). This is an obvious
oversimplification, but it allows us to grasp the general stress pattern within an airway
after it has buckled and is highly constricted. Using this model, we are able to visualize
general trends in stress distribution within a constricted airway.
RO
Pi = 0
Ri
Figure A.2.1: Thick-walled cylinder under external compression.
An initial estimate of the average circumferential stress (a,(avg)) may be made using
Laplace's law for a cylinder under external compression:
S(avg) PR (A.2. 1)
t
where t = the cylinder thickness = R0-R.
The equations for radial stress (ay(r)) and circumferential stress (ae(r)) in a thick-walled
cylinder under transmural pressure are (120):
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These equations are the same for both plane stress and plane strain approximations.
In an airway, Pi ~ 0, and the smooth muscle stress YSM = ar(r = R.) = -P0 .
circumferential stress is then given by:
A.2.2)
A.2.3)
The
R 2 - 20 iOR= ""
(A.2.4)R2
+1 -UW A* 1 +1
PW 
_ r 2
As stated previously, Rio equals the inner radius before constriction, PW is the fraction of
the area occupied by the wall in its constricted state, and A* is the dimensionless luminal
area.
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